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Abstract
The oxidation resistance of four prototype single crystal nickel-based superalloys for 
industrial gas turbine applications is studied.  All contain greater quantities of Cr than in 
most existing single crystal superalloys; two are alloyed with Si, one with Re.  To explain the 
results, the factors known to influence the rate of Al2O3 scale formation are considered. 
Models are developed to predict whether any given alloy composition will form a 
continuous Al2O3 scale.  These are used to rationalise the dependence of Al2O3 scale 
formation on alloy composition in these systems.       
The mechanical behaviour of a new single crystal nickel-based superalloy for industrial gas 
turbine applications is also studied under creep and out-of-phase thermomechanical fatigue 
(TMF) conditions.  Neutron diffraction methods and thermodynamic modelling are used 
to quantify the variation of the gamma prime (!’) strengthening phase around the !’ solvus 
temperature; these aid the design of primary ageing heat treatments to develop either 
uniform or bimodal microstructures of the !’ phase.  During TMF, localised shear banding 
occurs with the !’ phase penetrated by dislocations; however during creep the dislocation 
activity is restricted to the matrix phase.  The factors controlling TMF resistance are 
rationalised.
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Chapter 1. 
Literature Review
1.1 Introduction
A gas turbine engine generates electricity or thrust, for jet propulsion.  In simple terms, it 
produces energy by mixing air and fuel, typically by igniting them in a combustor, see Fig.
1.1.  Then, combustion gas rotates turbine blades that are directly linked to its compressor, 
and is finally released by allowing it to expand to outside pressure.  Generally speaking, 
higher operating temperatures improve the efficiency of a gas turbine, and lower CO2 
emission levels.  Therefore, superior high temperature materials have been required.  The 
outstanding high temperature properties of nickel-based superalloys make them attractive 
candidates for  gas turbines.  
Fig.1.1 Schematic structure of  a typical gas turbine engine.
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1.2 Nickel-Based Single Crystal Superalloys 
Essential elements in nickel-based superalloy are nickel and aluminium.  Aluminium can 
oxidize to a protective oxide, alumina, at high temperature.  Additionally, nickel and 
aluminium can form the L12 type intermetallic phase [1], Ni3Al (Fig.1.2 and 1.3) which 
confers high temperature strength, particularly in creep and fatigue.  Secondly, both nickel 
solution phase (! phase) and L12 phase (!' phase) have wide range of solution limits. 
Hence, it is possible to put additional elements in to improve both mechanical and 
environmental properties.  For instance, tungsten, rhenium and tantalum can improve high 
temperature creep strength.  Moreover, chromium improves both oxidation and corrosion 
resistances.  
!!’
Fig.1.2 Ni-Al binary phase diagram [2]. 
Fig.1.3 Arrangements of Ni and Al atoms in (a) the ordered Ni3Al phase and (b) after 
disordering.  Reproduced from [3].
a b
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1.2.1 Historical Development of  the Superalloys
It is not rare that nickel-based superalloys are cast in single crystal due to some beneficial 
effects at high temperature.  Since 1940s, heat resistance alloys were developed with the 
addition of nickel and aluminium to improve high temperature properties.  For examples, 
this precursor is now called Nimonic 80 (20Cr-1.2Al-2.4Ti, Ni-bal in wt.%).  Then, in order 
to improve high temperature strength, two methods were attempted: (1) increasing volume 
fraction of precipitate f and (2) increasing the amount of solid solution strengthening 
elements.  However, increases of both (1) and (2) made it harder to produce in wrought 
due to its forging problem.  The technology of vacuum casting had applied since 1950s, 
and this technology eliminated the compositional limitation due to the forging.  The 
representative of the developed alloy is called IN738LC.  Moreover, unidirectional 
solidification technology was developed in 1970s in US [4], and this technology enabled us 
to remove whole grain boundaries parallel to stress direction.  Grain boundary is known to 
be the fracture point during creep at high temperature [5].  Therefore, this technology 
enable to improve the creep properties, especially in its elongation (~4% in conventional 
cast MarM200 alloy became ~20% in directionally solidified MarM200 alloy at 982ºC [5]). 
Incidentally, there are grain boundaries remaining parallel to the longitudinal direction, and 
these different grains have different crystal orientations.  This differences caused the 
different elongation rate during creep; and as a result, the crack propagation to longitudinal 
direction became a problem.  The following idea of single crystal came up to solve this 
problem.  Nickel-based single crystal superalloys does not have grain boundary; therefore, 
grain boundary strengthening elements such as C and B became no longer necessary. 
Removing these make them possible to be heat-treated at higher temperature, and help to 
remove the macro segregation inherited from casting.
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1.2.2 Superalloys for Industrial Gas Turbines
Historically, nickel-based superalloys have been developed for aeroengines.  For instance, a 
survey in 1980 in the USA indicated that 73% of superalloys are applied for jet engines; on 
the other hand, 10% are used for industrial gas turbines (IGTs) for power generation [5]. 
This implies that there were fewer demands of superior nickel-based superalloys for IGTs. 
Unfortunately, this is the reason why the development of nickel-based superalloys for IGTs 
are not well developed, see Fig.1.4.  Additionally, the environmental properties of nickel-
based superalloys for aeroengines is not adequate for IGTs.  This is because the usage of 
engines and fuel types are totally different.  For examples, a jet engine requires the highest 
output for short time (e.g. 10 mins for takeoff).  IGTs used with relatively lower output for 
a long time (e.g. a week continuously).  Moreover, high quality of fossil fuel is used for jet 
engines, but fuels with <10000 ppmw sulphur for IGTs [3]. 
Fig.1.4. (a) Gas entry temperatures showing the delay in industrial gas turbine 
technologies, (b) creep rupture strength of materials for aeroengine and industrial gas 
turbine engine [5, 6].
Date
a b
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1.3 High Temperature Oxidation
In order to withstand hot oxidized gas for at least a decade, oxidation is one of the critical 
requirements for nickel-based superalloys.  If insufficient, the turbine blade oxidizes 
dramatically.  The faster this oxidation reaction be, the thinner the turbine blade becomes; 
resulting in a decreases in mechanical properties within each blade [7].  The following 
represents a brief  yet crucial background to the high temperature oxidation of  superalloys.
1.3.1 Stability and Driving Force
It should be noticed that even though the industrial materials are exposed to such a high 
temperature environment, the oxidation reaction is commonly exothermic, i.e. "Gf <0. 
Here, note that the more "Gf  is negative, the more the oxide is stabilised; in other words, 
the greater the driving force for oxidation.  Pure metals’ "Gf were summarized in the so-
called Ellingham diagram, which is introduced by Ellingham in 1944 and extended by 
Richardson and Jeffes in 1948.  The Ellingham diagram can be used to (i) determine the 
order of formation of oxides and (ii) determine the partial pressure of oxygen that is in 
equilibrium with a metal oxide.  Note however that it is not always the most stable oxide 
which becomes the rate-controlling oxide, and the kinetics of oxide growth should be 
considered.  
The Gibbs free energy of formation of the MxOy oxide with 1 mol of reactant O2, !Gf , 
can be expanded consistent with the Van't Hoff  isotherm [8, 9] according to 
!Gf = !G0 + RT ln
aMxOy
2 y
aM
2x y "PO2
#
$
%
&
'
(                                     (1.1)
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where!G
0
is the standard free energy of formation, T is absolute temperature and R is the 
gas constant.  The activity of the oxide of element M is represented by aMxOy (this is 
commonly taken to be unity) and a
M
 is the activity of element M in the multi-component 
system which is subject to oxidation. 
1.3.2 Wagner’s Theory of  Parabolic Oxidation
There are two basic assumptions in the Wagner’s theory of parabolic oxidation [10]: (i) 
theory is valid only for compact scales of reaction products, and (ii) volume diffusion of 
the reacting ions or the transport of electrons across the scale is rate-determining.  Under 
these assumptions consistent with Fick’s first law, the number of molecules of oxygen 
reacted at time t, dn/dt, is
dn
dt
=
1
e
2
z
a
2
z
c
2
!
t
t
el
(t
c
+ t
a
)z
c
PO2
ins
PO2
outs
" dPO2
1
#x
                        (1.2)
where!x is the thickness of oxide, P
O2
outs and P
O2
ins represents the partial pressure of oxygen 
at outer surface of oxide (ambient/oxide interface which would be 0.2 if air) and inner 
surface of oxide (oxide/metal interface which can be obtained from Equation 1.1 by 
placing !Gf  equal to zero), respectively.  ! t  is the conductivity of the MxOy oxide and tc, 
ta and tel represent the transport numbers (0 < t < 1) of cation, anion and electrons, 
respectively.  The metal ion's and the oxygen ion's valences are denoted zc and za, 
respectively; assuming stoichiometric oxide, then MxOy = M|za|Ozc.  The elementary charge 
is represented by e.  In 1981, de Wit [11] rationalized Wagner’s theory of parabolic 
oxidation with driving force of oxidation,!Gf as follows.  The electrical conductivity and 
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the transport number generally are a function ofP
O2
; assuming an average value to these 
quantities, they can be taken out of  the integral in Equation 1.2, viz.
dn
dt
=
!
t
t
el
(t
c
+ t
a
)
e
2
z
a
2
z
c
2"x
z
c
PO2
ins
PO2
outs
# dPO2                                  (1.3)
where the over bar indicates that average values are to be taken.  By solving the integral 
term, one has
z
c
PO2
ins
PO2
outs
! dPO2 = zc PO2
outs " P
O2
ins( )                                    (1.4)
Additionally, from classic thermodynamics theory,
!Gf = µM |za |Ozc
" za µMetal " zcµovap                        (1.5)
µ
M |za |
Ozc
= z
a
µ
MMO
ins
+ z
c
µ
OMO
ins
                             (1.6)
where µM
|za |
Ozc
is the chemical potential of the stoichiometric oxide M |za |
O
zc ,  µMetal is 
the chemical potential of metal, µovap is the chemical potential of the oxygen, µMMO
ins
is 
the chemical potential of the metal at the inner interface, µOMO
ins
is the chemical potential 
of the oxygen at inner interface, respectively.  Assuming the local equilibrium at ambient/
oxide and oxide/metal interfaces; then eq.1.5 would be modified as  
  
!Gf = µM |za |Ozc
" za µMMO
ins
" zcµOMO
outs
                        (1.7)
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Inserting Eq.1.6 to Eq.1.7 then 
!Gf = za µMMO
ins + zcµOMO
ins
" za µMMO
ins
" zcµOMO
outs
       = zcµOMO
ins
" zcµOMO
outs
        = -zc µOMO
outs
" µ
OMO
ins( )
               (1.8)
Inserting Eq.1.8 to Eq.1.4, then one can obtain
dn
dt
= !
" ttel (tc + ta )
e
2
za
2
zc
2
#x
#Gf                                     (1.9)
Parabolic oxidation can be commonly described as
dn
dt
=
k
t
!x
                                                    (1.10)
Comparing with Eq.1.9 and Eq.1.10, one can obtain the parabolic oxidation rate kt as
kt = !
" t ta + tc( )tel
zc
2
za
2
e
2
#Gf                                    (1.11)
Thus, indeed the parabolic oxidation rate from Wagner’s theory is related to the driving 
force factor !Gf .  This is further elaborated in chapter 3.
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1.3.3 Dissolution of  Foreign Cations in an Oxide
The presence of foreign cations affects the oxidation rate.   For example, see [12], assume 
that the parent oxide is MO and that small amounts of a foreign element oxide Mf2O3 are 
dissolved in MO.  The Mf-ions have in this case a valence of +3, and if it is assumed that 
the Mf-ions occupy normal M-sites in MO, the dissolved Mf-ions will have one positive 
effective charge each.  These additional positive effective charges from 
 
Mf
!M
must for 
electroneutrality reasons be balanced by creation of an equivalent concentration of 
negative effective charges.  If these are electronic defects, the dissolution process may be 
written 
 
Mf
2
O
3
! 2Mf "M + 2 !e + 2OO +1 2 O2                        (1.12)
and thus the electron concentration is increased.  
Note that the number of Mf in the left and right terms should be the same due to the mass 
balance law before and after the defect formation (hence the reason for the 2 in front of 
 
Mf
!M
).  Second, because the Mf is going to be located on an M-site in MO, and also 2 of 
 
Mf
!M
sites are formed (increase of charges considered separately), then the term of 2OO 
must be created, consistent with ‘a ratios of regular lattice sites law’ (ratio of 2
 
Mf
!M
 : 2OO 
should be same as the ratio in the parent oxide i.e. M : O = 1 : 1).  Third, to maintain the 
mass balance law, 1/2 O2 term is needed.  Finally, to maintain electroneutrality law due to an 
increase of +1 effective charges ! 2 holes from +2
 
Mf
!M
, then 2e’ (i.e. -2) is present.  For 
further details, readers are referred to [12].
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1.3.4 Pettit’s Oxidation Group I, II & III
Until 1971, Giggins and Pettit [13, 14] summarised the three different oxidation modes 
observed in the Ni-Al-Cr ternary system.  Fig.1.5a represents the representative micrograph 
of so-called “Group I” oxidation mode observed on Ni-2Cr-4Al alloy after 20 hours at 
1000ºC.  Note that a thick outer scale of NiO is formed.  The sub-scale precipitate below 
NiO scale was reported to be composed of a mixture of Cr2O3, Al2O3 and Ni(Cr,Al)2O4. 
Oxidation rates in Group I alloys are the same or even worse than that of pure Ni, see Fig.
1.6; thus Group I type oxidation mode leads to fatal oxidation damage on nickel-based 
alloys.   Fig.1.5b shows the typical cross-section for “Group II” alloys, e.g. Ni-20Cr-2Al 
after 21 hours at 1100ºC.  A continuous Cr2O3 oxide is present, but thick NiO is not.  The 
oxidation rate of Group II alloys is controlled by the formation of Cr2O3 (see Fig.1.6). 
Finally Fig.1.5c illustrates the Group III oxidation mode observed, e.g. on Ni-20Cr-4Al 
after 20 hours at 1200ºC. Here, Al2O3 is rate controlling (see Fig.1.6). Typically the 
oxidation rate for Group III alloys is lower than for those in Group I and II. 
One major aim of this work is to shed light on the factors influencing oxide growth on 
Group III alloys.
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Fig.1.5  Oxide morphology formed on Ni-Al-Cr alloys exposed at temperature 
between 1000ºC to 1200ºC. (a) Group I, (b) Group II and (c) Group III [14]. 
Fig.1.6 Temperature dependence 
of the parabolic rate constants 
obtained for the oxidation of a 
typical Group I alloy (Ni-5Cr- 
1Al), Group II alloys (Ni-20Cr- 
2Al, Ni-30Cr-2Al),  and Group III 
alloys.  Parabolic rate constants 
for the growth of NiO on pure 
nickel, Cr2O3 on Ni-30Cr, and 
Al2O3 on Ni-25Al are included for 
comparison[14].
a
b c
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1.3.5 Transport Mechanisms of  Alumina and its 
Transformation
In 1992, Brumm et al. [15] investigated the transformation of Al2O3 on #-NiAl alloys.  The 
oxidation rates of three different Al2O3 (!, $ and %) were summarized on an Arrhenius 
plot (see Fig.1.7a).  !-Al2O3 was formed on NiAl during short time oxidation at 900ºC 
followed by transformation to $-Al2O3 after 10 hours.  It is suspected that the diffusion in 
$-Al2O3 is faster than that in !, giving faster oxidation rates.  Transformation of $ to %-
Al2O3 is considered to be slow at 900ºC: %-Al2O3 was detected after 60 hours.  Nucleation 
of %-Al2O3 is known to take place at the oxide/gas phase boundary.  It is also reported 
that $-Al2O3 tends to form whiskers on its surface at both 900 and 1000ºC, despite the fact 
that it was reported that whiskers appear at temperature up to 950ºC in Ref.[16].  Oxidation 
rate deceleration in the report of Ref.[17] is considered to be due to the transformation of 
Al2O3 from $ to %.   Table 1.1 summaries the crystallography of the !-, $- and %-Al2O3 
respectively.
The effect of Cr on the transformation of Al2O3 on NiAl was also reported [15].  No 
significant effect of Cr was observed on the oxidation rate in the $-Al2O3 regime 
(<900ºC), see Fig.1.7b.  The higher the Cr content, the faster the transition time; a 
resulting increase of the final parabolic oxidation rate in $/%-Al2O3 transition regime is 
observed.  The reasons for the increase are suggested to be (i) the presence of Cr2O3 in the 
! or $-Al2O3 increase the nucleation site of Al2O3, then (ii)  create finer grain size of Al2O3. 
Increase the number of grain boundary (iii) increase the number of diffusion paths for 
both Al and O; resulting in (iv) the increase of  oxidation rate, see Fig.1.8 for this model.
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Fig.1.7 Arrhenius plots of the parabolic rate constants kp of (a) NiAl and (b) NiAl-Cr 
alloy, respectively [15].
Fig.1.8 Schematic model of  the chromium effect on transformation kinetics [15]. 
Table1.1 Crystallography of  the Al2O3. Refs[18, 19])
Al2O3 System
Space 
Group
Space 
Group 
No.
Lattice 
Parameter
(nm)
!
" Cubic Fd-3m 227
a=b=c=
0.790 90º
# Monoclinic C2/m 12
a=0.563, 
b=0.295, 
c=1.186
103.42º
! Hexagonal R-3c 167
a=0.4758, 
c=1.2991 120º
a b
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In 1991, Quadakkers et al. [20] investigated the transport in Al2O3 on FeCrAl alloys using 
air/air with 18O isotope and secondary neutrals mass spectrometry (SNMS) at temperature 
between 900ºC and 1100ºC.  In this work, alloys were firstly oxidised with 18O isotope, 
followed by with 16O.  In the case of MA956 alloy, there is concentrated 18O in the inner 
side of the scale (Fig.1.9a, Fig.1.9b and Fig.1.9c) with its content slowly increasing from the 
metal/oxide interface toward the surface; this indicates strongly that grain boundary 
transport of oxygen is the dominating oxide growth process in this regime (i.e. n-type). 
However, the shorter the exposure time, the less this M/O interface peaks are at 1000ºC 
(see Fig.1.9d, Fig.1.9e and Fig.1.9f); implying that the transport in Al2O3 is time dependent. 
Both outward aluminium diffusion and inward oxygen diffusion probably both via grain 
boundary was proposed for the Y2O3-free Fe-20Cr-5Al alloy (i.e. n/p-type mixture); on the 
other hand, sole diffusion of oxygen ion at grain boundaries is proposed for the MA956 
alloy (n-type).  This is supported by the observation of Y2O3 formation at grain boundary 
in Al2O3 of MA956 alloy, which is controlling outward Al3+ ion diffusion but enhancing 
inward O2- diffusion.  The effect of $ to % transformation on the growth mechanism 
between Y2O3-free/containing alloys could not verified.  Note here that it is also reported 
by Quaddakkers that the base metal cations dominate the defect structure of the Al2O3. 
Fig.1.10 shows the typical example of iron and chromium concentrations in the oxide scale 
on MA956 after two-stage oxidation at 900ºC (total 45 hours).  One can see that the base 
metal (Fe or Cr) cations in Al2O3 are typically at levels of 0.5 at.%.  Additional analysis by 
Prescott et al. [21] in 1992 using Auger found that Fe impurity in Al2O3 on Fe-25Al alloy is 
0.1at.%, moreover Ni in Al2O3 on Ni-32Al is under the detection limit (<0.1at.%).
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Fig.1.9 Oxygen isotope distribution in oxide scales of MA956 after two-stage oxidation 
for temperature dependence: (a) 900ºC 15/30 hours, (b) 1000ºC 2.5/5 hours, (c) 1100ºC 1/2 
hours, and for time dependence: (d) 1000ºC 5/10 mins, (e) 1000ºC 20/40 mins and (f) 
1000ºC 2.5/5 hours, respectively.  Note that the appearance of 18O peak at M/O 
interface is not obvious in the very early stage of oxidation, see (d), (e) and (f); 
implying that transport in Al2O3 is time dependent. The sputtering time in the oxide 
correspond to the distance of around 0.3 nm per sec, but sputter rate in oxide and in 
the matrix are different [20].
Fig.1.10 Typical example of iron and chromium concentrations in the oxide scale on 
MA956 after two-stage oxidation at 900ºC (total 45 hours)[20].
a
b
c
d
e
f
Chapter 1. Literature Review
15
In 1995, Pint et al. [22]  investigated the transport mechanism in $-Al2O3 using tracer 
analysis with oxygen isotope 18O/16O and secondary ion mass spectrometry (SIMS).  This 
work confirms that $-Al2O3 grows primarily by the outward transport of Al (p-type) rather 
than inward transport of oxygen commonly seen in the growth of %-Al2O3 (n-type), see 
Fig.1.11.  A time-temperature-transformation (TTT) diagram for the $-% transformation 
was proposed for oxidation on the #-NiAl alloy under 1 atm of dry, flowing O2 ( See Fig.
1.12). 
Fig.1.11 SIMS sputter-depth profiles of the scale formed on MA956 alloy exposed for 1 
hour (15mins in 18O and 45mins in 16O) at 950ºC [22]. The second oxidant 16O is found 
primarily near the surface, indicating that the scale grows primarily by the outward 
diffusion of  Al. 
Fig.1.12 Approximate time-temperature dependence of the formation of !- and "-
Al2O3 on the polycrystalline #-NiAl [22].  
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1.3.6 Chromium Oxide
Due to its importance in corrosion resistance, the formation of chromium oxide is also 
reviewed.  Electrical conductivity of chromia (Cr2O3) can be classified into two distinct 
groups [12]: a high temperature group above 1000ºC, and a lower temperature group below 
that.  The electrical conductivity exhibits no oxygen pressure dependence at higher 
temperature, but there is a small pressure dependence in the low temperature regime. 
Secondly, high-temperature oxidation of pure Cr involves growth of Cr2O3 scales.  The 
oxidation is controlled by outward migration of Cr-ions (p-type), as indicated by Pt-makers 
studies; this is because Cr can diffuse 3 orders of magnitude faster than oxygen diffusion. 
It is also reasonable to assume that the self-diffusion coefficient is independent of oxygen 
pressure; furthermore, considering Wagner’s theory, then kp ! logPO2
outs where P
O2
outs is the 
partial pressure of oxygen at outer metal/oxide interface; thus, a pressure dependence is 
expected on the oxidation rate, but it may be small at high oxygen pressures.  
Small alloying elements can affect oxidation rates of Cr.  For example, Hagel [23] found 
that Li (valence of 2+) doped chromium and Cr with 0.5wt.%Fe had parabolic rate 
constants smaller by about a factor of ten compared to unalloyed Cr.  Trivalent alloying 
element additions to Cr did not significantly affect the oxidation rate (Cr is also 3+).  Ti 
alloying additions (valence of  4+) were found to increase the oxidation rate [24].  
Note that Caplan et al. [25] and Tedmon [26] found that Cr2O3 can further oxide to CrO3, 
which is in the gaseous state at temperatures above 1000ºC.  Therefore, in general, Cr2O3 is 
not considered as the stable oxide at 1000ºC or higher. 
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1.4 High Temperature Deformation
In the gas turbine engine, alloys used for guide vanes must be chosen largely for their 
oxidation resistance; however, blade alloys should also endure the stress arising from 
centrifugal loading.  Materials will mostly be under isothermal stress states at high 
temperature, so that creep extension is a possibility.  Creep [5] is defined as time-dependent 
strain occurring under a stress which is lower than the yield stress.  Metals with higher 
melting point tend to exhibit better creep resistance, largely because the self-diffusion is 
strongly correlated with the homologous temperature.  Creep deformation can be ignored 
at lower temperatures but, fatigue may be a problem there.  This is because stress can 
increase locally to cause plastic deformation, which in turn leads to fatigue cracking.   The 
following consideres on isothermal and non-isothermal deformation of nickel-based 
superalloys.
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1.4.1 Creep Deformation
In 1966, Mclean [27] summarised creep deformation as follows.  If TM is the melting point 
of the metal in question, the different regimes roughly cover the temperature ranges of 
0-0.3TM, 0.3-0.5TM, 0.5-0.9TM and 0.9-1.0TM.  It is the middle two temperature ranges 
which are of prime concern in gas turbine engineering.  Creep become significant at 
temperature above 0.56TM  (>650ºC) in the case of nickel-based superalloys; hence the 
third group (i.e. 0.5-0.9TM ) should be specifically considered.  Here, exclusively at above 
0.5TM, steady state creep rate can be expressed by the self-diffusion in simple metals, 
indicating that climb of  dislocations is the process controlling the rate of  recovery.  
In 2009, Dyson [28] made a comprehensive review of creep rate in nickel-based superalloys 
at temperature range from 600ºC to 900ºC (0.5-0.7TM).  No !’ shearing is considered.  As 
above, climb of dislocation (Fig.1.13) is considered to be the rate-controlling process, but 
only when the glide rate in the matrix is fast enough.  If so, the creep rate can be estimated 
in terms of a diffusion coefficient (demonstrated in Ref. [29]) and a hyperbolic function of 
the !’ interspacing.  On the other hand, when the glide rate is slow (when applied stress is 
low) then creep shear rate is controlled by general steady state creep rate, b!v ,where, b is 
burgers vector, ! is the dislocation density, v is the average velocity of dislocation motion 
(i.e. glide rate) within the matrix.  Good agreement between experiment and calculation was 
observed for the minimum creep rate (see Fig.1.14).  Note however that this model is only 
applicable when the applied stress is low; in the case of high stress, particle shearing or 
Orowan looping should be considered. 
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Fig.1.13 Schematic illustration of particle strengthened alloy, loaded under uniaxial 
tension, with interparticle spacing, smaller than dislocation spacing [28].
Fig.1.14 Comparison of industry generated minimum creep rate data of Nimonic 90 in 
temperature range 700-900ºC, with predictions of dispersion controlled creep model 
[28].
Chapter 1. Literature Review
20
1.4.2 Effect of  Microstructure on Creep
In 1983, Caron & Khan [30] investigated the effect of microstructure on creep 
deformation on single crystal superalloy CMSX-2 at conditions of 760ºC/760MPa and 
1050ºC/120MPa, respectively.  Note that both condition is above 0.5TM.  The uniform 
distribution of "’ (Fig.1.15c) was found to perform better than irregular distributions (Fig.
1.15a) for all creep conditions.  In the low temperature/high stress regime, shearing of 
precipitates occurs, together with homogenous deformation in the uniform microstructure 
which is believed to confer lower creep rate than for irregular distributions (see Fig.1.16). 
Here, higher stabilities of dislocation networks were found at the !/!’ interfaces in 
uniform microstructure, see Fig.1.15d.  At high temperature/low stress regime, it is 
believed that the perfection of the rafting structure (this will be reviewed shortly) 
contributed to the lower creep rate. 
Considering the fact that dislocation bowing occurs preferentially at largest precipitate 
interspacing (when the Orowan stress [31] will be lowest), then an irregular distribution 
possesses more weak points for creep deformation than the uniform distribution.  From 
this point of view, it is likely that uniform microstructure is superior because lower 
minimum !’ inter spacing can be achieved.  
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Fig.1.15 TEM micrographs of CMSX-2 with (a) irregular spherical distribution (T1), (b) 
dislocation configuration around irregular distribution precipitate in primary creep, (c) 
uniform cuboidal distribution (T2) and (d) dislocation configurations around spherical 
precipitates in primary creep. Creep condition: 760ºC/750MPa. The foils in (b) and (d) 
are from the [111] plane [30].
Fig.1.16 Creep curves for CMSX-2 at 760ºC/750MPa. T1: Irregular spherical 
distribution, T2: Uniform cuboidal distribution [30].
 a
 c
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 d
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1.4.3 Effect of  Rafting on Creep
The effect of directional coarsening (known as rafting) on the mechanical properties of 
nickel-based superalloys is controversial; thus this should be reviewed with caution.  Most 
commercial superalloys have negative misfit; in this case, rafting is known to improve the 
tensile creep performance in the high temperature/low stresses regime when dislocations 
climb over the !’ particles.  On the other hand, it is detrimental in the low temperatures/
high stresses regime when dislocations cut the !’ particles [5].  The formation of rafts 
improves the creep rupture life under creep conditions of 1050ºC/120MPa (Fig.1.17a); yet, 
pre-rafted microstructure (T4 in Fig.1.17b) is inferior than cuboidal (T2) at 850ºC/500MPa 
[32].  
Secondly, it has also been found that dislocation glide+climb motion along !/!’ interface 
with axis parallel to the <001> direction is considerably slower than along the interface 
with axis perpendicular to the <001> [33].  This implies that rafts parallel to the stress axis 
should retard creep.  Since only small creep strains are tolerated in practice (<1-2%), pre-
rafting in compression does offer an advantage (see Fig.1.18) [34].  This also means that a 
positive misfit superalloy has potential to offer better creep resistance than a negative one 
in principle; however, as the additions of most strengthening elements for nickel-based 
superalloys tends the !/!’ misfit to the negative, this becomes less likely in practice.  
Finally, having larger negative misfit has been reported to increase creep resistance (Fig.
1.19) [35] by the formation of a denser dislocation network at the !/!’ interface (Fig.1.20) 
[36-39].  The influence of phase stabilities on minimum creep rate should also be taken 
into account [40]; both CMSX-10 [41] (see Fig.1.21) and TMS-138 [42, 43] are prone to 
form topologically closed packed (TCP) phases, see Fig.1.20.
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Fig.1.17 Creep curves for CMSX-2 after various heat treatments (a) 1050ºC/120MPa and 
(b) 850ºC/500MPa. Note that pre-rafted microstructure (T4) is produced from uniform 
cuboidal distribution (T2) by applying 1050ºC/120MPa for 15 hours. Reproduced from 
[32]. 
Fig.1.18 Comparison of tensile creep behaviours of single crystals of the superalloy 
SRR99 with initial as aged !/!’ microstructure and with initial !/!’ microstructure 
pre-rafted in compression: insets show initial microstructures before and after creep for 
both cases [33, 34]. 
 a
 b
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Fig.1.19 Creep lives for 
alloys with various 
misfit and initial !’ 
sizes. The alloys with 
large misfits have the 
longest creep lives 
[35]. Note that alloys 
with volume fraction of 
a r o u n d 5 6 % a r e 
summarised. 
Fig.1.20 Minimum creep 
ra tes o f CMSX-10 , 
T M S - 7 5 ( w i t h a n d 
without Ru or Mo), 
TMS-138 and TMS-162 
as a function of their 
interfacial dislocation 
spacing [39].
Fig.1.21 TTT diagram 
f o r T C P p h a s e 
formation in CMSX-10 
[41]. 
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1.4.4 Directional Coarsening Mechanism
In 1994, Pollock and Argon [31] published a seminal paper in the driving force of the 
rafting formation on the high !’ volume fraction containing superalloy CMSX-3.  It 
demonstrated that the driving force for rafting in negative misfit alloys under tensile stress 
comes from the preferential dissolution of precipitates adjacent to the horizontal channels 
and by subsequent diffusional flow of precipitate alloying element toward the vertical 
channels and matrix alloying elements toward the horizontal channels (Fig.1.22).  This 
diffusion process is driven by the interfacial dislocation as a result of the initiation of local 
creep flow, involving sources and sinks and/or diffusional conduits.  
To sum up, rafting can easily be achieved at higher temperature due to higher effective 
diffusion rate.  The time to initiate rafting t can be described as t = d 2 D
eff
where d is the 
diameter of the !’ phase (minimum diffusion distance required to raft), and Deff is the 
effective diffusion coefficient at the creep temperature (because matrix preferentially 
contains slower diffusion elements such as Re).  From the above, a smaller precipitate size 
is clearly beneficial for promoting raft formation.  
The influence of !’ distribution on the formation of rafting is considered as follows. 
Firstly, it is known that secondary !’ is dissolved during high temperature creep (for 
example at 1150ºC [44]) and will re-precipitate upon cooling (Fig.1.23).  In other words, 
secondary !’ does not raft at high temperature, but primary !’ does.  Furthermore, it is 
suggested that matrix coalescence will be more difficult with widely dispersed precipitates 
in low volume fraction alloys.  Then it is concluded that the rafting structure can be 
promoted when the interspacing of  primary !’ is short.  
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Fig.1.22 Directional coarsening by preferential dissolution along the horizontal matrix 
channels and coalescence in the vertical matrix channels [31].
Fig.1.23 Secondary electron micrograph of rafted CMSX-4 crept at 1150ºC/100MPa 
showing the precipitation of  secondary !’ upon cooling [44].
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1.4.5 Precipitation Hardening 
It has been mentioned in previous sections that the 0.3-0.5TM and 0.5-0.9TM (TM: melting 
point) are the important temperature ranges for materials used in practice.  The 
deformation in the higher temperature range has reviewed already based upon creep 
theory; yet the lower temperature (0.3-0.5TM) will be considered in this section.  It was 
mentioned that cross slip of dislocations would be more important than climb in the lower 
of these ranges due to lower activation energy of diffusion than that at 0.5-0.9TM [5, 27]. 
Hence, creep deformation (section 1.4.1-1.4.4) will be unimportant at <0.5TM.  Instead, 
flow stress or yield strength should be considered.  In general, alloys can be strengthened 
significantly by dislocation obstacles such as Ni3Al (!’), see Fig.1.24 [3, 45].  
In the case of nickel-based superalloys, the maximum peak strength is found around 800ºC 
i.e. TM"0.6 (see Fig.1.25) [3].  Below this temperature, by assuming the square lattice array 
of precipitate, i.e. extremely uniform distribution of !’ (Fig.1.26), critical resolved shear 
stress (CRSS), &CRSS for weakly coupled dislocation can be described as [3, 46];
!
CRSS
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where !APB is the anti-phase boundary (APB) energy, b is Burgers vector, r is the radius of 
the precipitate, and f is the volume fraction of precipitate, respectively.  Note that when the 
chemical composition of material is identical, the APB energy and f will be constant; thus, 
CRSS should be a sole function of 'r.  In the case of strongly coupled dislocations, 
readers are referred to [46-48].
Chapter 1. Literature Review
28
Fig.1.24 Variation of the yield stress with temperature for alloys with different !’ 
volume fraction[3].
Fig.1.25 Variation of the yield stress of a number of single-crystal superalloys with 
temperature [3].
Fig.1.26 Representation of a random distribution of !’  particles on the slip plane, (a) 
by a ‘square lattice array’ (b) such that the number density is identical in both cases[3].
 a  b
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1.4.6 Total Strain under Isothermal Fatigue
Fatigue deformation occurs only when plastic strain is generated, and this can be caused by 
stress localisation even though the nominal applied stress are below the yield strength [3, 
49].  Hence the elastic strain term also should be taken into account.  
Under isothermal strain-controlled fatigue, the total strain range #$tot is given by the sum 
of  the elastic and plastic strain ranges (#$e and #$p)  according to [49]
!"
tot
= !"
e
+ !"
p                                        (1.14)
Here, "$e can be obtained from Hooke’s law  (="(e/E).  Also, "$p can be calculated by 
Coffin-Manson’s law, and also experimentally obtained from the width of stress-strain 
hysteresis loop at zero stress.  Furthermore, #$tot can be described with the extension of 
Coffin-Manson’s law together with elastic term and number of  cycles to failure Nf as [50]
!" tot = ce #N f
a
+ cp #N f
b
                                  (1.15)
where a and b are the fatigue strength exponent and fatigue ductility exponent, and 
reported to be around -0.12 and -0.6, respectively.  Furthermore, ce and cp are the fatigue 
strength coefficient and fatigue ductility coefficient, respectively.  These can be influenced 
not only by materials, but also by testing condition, and thus need to be found 
experimentally.  
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1.4.7 Mechanical Strain under Thermomechanical Fatigue
In practice, the applied load/strain and temperature can be altered independently.  This 
case is known as thermomechanical fatigue (TMF) [34, 51, 52], and should be distinguished 
from the isothermal case.  In-phase (IP) TMF is defined when strain increases with 
increasing temperature (Fig.1.27a); also, out-of-phase (OP) when strain decreases with 
increasing temperature (Fig.1.27b).  OP-TMF is rather detrimental [53, 54], because the 
oxide is in tension at low temperatures when the oxide has insufficient ductility to prevent 
cracking (Fig.1.28), and has been often considered [55-60].  In the case of TMF, the 
internal stress arising due to the thermal expansion should be taken into account. 
Mechanical strain, $mech, is defined by subtracting the thermal strain, $th, from total strain $tot 
and can be described as
!
mech
= !
tot
" !
th
= !
tot
"# (T " T
0
)                      (1.16)
where T0 is the reference temperature at the beginning of the test, T is the test temperature 
and % is the thermal expansion coefficient [55].  The mechanical strain can be considered 
to be the same as the total strain (Equation 1.15) in isothermal fatigue testing [61]. 
Likewise the inelastic strain $in, can be experimentally obtained from the width of stress-
strain hysteresis loop at zero stress.  Note that inelastic strain range includes the plastic 
strain, creep strain and other strain component such as transformation strain.  When 
mechanical strain ranges are plotted against number of cycles to failure, the result may be 
on curved lines when influenced by both elastic + inelastic material parameters [49].  Also 
when ")e > ")in which occurs when ")mech is small enough, one can expect that the strong 
materials perform better than ductile ones.
Chapter 1. Literature Review
31
Fig.1.27 Temperature T and stress ! with respect to total strain " for different TMF 
cycle shapes: (a) in-phase TMF(IP), (b) out-of-phase TMF (OP). Reproduced from 
[52].
Fig.1.28 Fatigue life curves for PWA-1480 in both in-phase (IP) and out-of-phase (OP) 
testing compared to isothermal fatigue (denoted as ISO) at 650ºC.  Data are provided 
for bare and coated specimens [54].
a
b
(IP)
(OP)
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1.4.8 Effect of  Oxidation on Fatigue Crack Propagation
In 1989, Neu and Sehitoglu [61] proposed three life controlling factors for TMF in iron 
base alloys: (i) creep, (ii) fatigue and (iii) oxidation.  Although these factors have been 
mentioned already, additional considerations concerning the effect of oxidation on TMF 
are discussed here.  
When the stress amplitude places the nominal stresses at or beyond the elastic limit, failure 
occurs typically within 105 cycles, with a majority of the fatigue life being spent in the 
propagation (rather than initiation) stage [3].  Hence, provided that plastic deformation 
occurs during TMF, crack propagation should be the dominant controlling factor in TMF, 
rather than crack initiation.   Then, the propagation rate might be described with an 
oxidation term, but only when the crack tip is subjected to an oxidising environment [62]. 
Due to the cracks created during OP-TMF, the oxidation rate at the crack tip is expected to 
be higher than the parabolic rate during isothermal oxidation (see Fig.1.29) [61].  Note that 
these cracks in questions propagate in the direction normal to the surface; thus this should 
be distinguished from the one which is parallel to the surface (spallation).  Typically, the 
oxide will fracture near the low-temperature end of the OP-TMF cycle when the oxide is 
more brittle and the stress is tensile [53].  Thus the crack tip temperature during TMF is 
expected to be much lower than that during isothermal low-cycle fatigue testing.  If nickel-
based supealloys have much better oxidation resistance than iron base alloys, it seems 
possible to assume that the effect of  oxidation on crack propagation is relatively minor.   
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Fig.1.29 Schematic illustration showing the (a) to (c): nucleation of oxide growth and 
(d) diagram illustrating oxide growth with repeated rupture. Note in (d) that oxidation 
rate in OP-TMF is expected to be larger than the parabolic rate. Note that hf 
represents the critical oxide thickness to crack initiation at time tf [61].
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 b
 c
 d
Chapter 1. Literature Review
34
1.4.9 Effect of  Rafting on Fatigue Crack Propagation
In 1999, Ott & Mughrabi [34, 63] summarised the effect of rafting on the crack 
propagation rate occurring during high temperature LCF testing.  All stress response on 
CMSX-6 with different !’ morphologies show a similar stress level of about 500 MPa until 
fatigue crack propagation starts [63] (Fig.1.30).  The crack propagation rate was influenced 
by the !/!’ morphology, and pre-rafted in compression shows best fatigue performance. 
Based on fractographic observations on CMSX-4,  it was found that the crack propagation 
occurs in the ! phase or at the !/!’ interface (Fig.1.31).  At temperatures above 800ºC and 
when the stress is low, the dislocation motion is restricted to the ! phase, because cutting 
of the !’ phase by dislocations would require the formation of a high energy APB.  In such 
circumstances, a crack tends to avoid cutting the !’ phase.  Hence, it is considered that pre-
rafted in compression performed as best because rafted !’ acts as an obstacle which delays 
fatigue crack propagation.  No significant oxidation at the crack tip is seen; hence, the 
effect of oxidation on crack propagation rate [62] is likely to be negligible.  Thus, this 
theory may also work for TMF, but only when !’ shearing is not present. The presence of 
stacking faults in !’ after OP-TMF is found, indicating that !’ shearing is present.  Even in 
this condition, it was suggested that the deposited dislocations on the !/!’ interface cannot 
escape completely from the long and irregular rod-like !’ structure (Fig.1.32) [57].  Thus 
rafting prohibited the long-range dislocation gliding (slip or twining) by causing local 
misorientation at !/!’ interface.  In contrast, the deposited dislocations are able to escape 
easily from the cuboidal !/!’ interface by climbing.  In short, even if !’ shearing is present 
or not, rod-like rafting is considered beneficial for OP-TMF.
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Fig.1.30 Comparison of cyclic 
deformation curves (stress 
ampl i tude $!/2 ver sus 
number of cycles N) of 
single crystals of superalloy 
CMSX-6 with three different 
initial !/!’ microstructures 
(as aged, pre-raf ted in 
t e n s i o n , p r e - r a f t e d i n 
compression)[34, 63].
Fig.1.31 Crack tips in (100)-sections parallel 
to the stress axis[001] of specimens of the 
alloy CMSX-4 fatigued at 1050ºC,  $)t = 
0.9% . (a) cuboidal (b) pre-rafted in tension 
and (c) pre-rafted in compression [63].
Fig.1.32 Schematic illustration of 
movement of gliding dislocations 
in the !/!’ structure in the 
PWA-1480 alloy[57].
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1.4.10 Lifshitz-Slyozov-Wagner Theory
It has been seen that the !’ size can influence the high temperature deformation of 
superalloys.  Increasing !’ size may be beneficial at lower temperature (higher CRSS), yet 
may be detrimental at higher temperature (creep).  Importantly, precipitate size can be 
increased by high temperature exposure; this should be reviewed. 
Based upon the Lifshitz-Slyozov-Wagner (LSW) theory [64, 65], the coarsening behaviour 
of  !’ precipitates in nickel-based superalloys can be described by 
r
3
! r
0
3( )
1 3
= kt1 3                                      (1.17)
where k is the coarsening rate coefficient, r
0
3 is the average radius of !’ phase at time t = 0, 
and r is the average radius of  !’ phase.  The coarsening rate coefficient k is given by 
k =
8D
eff
!" #" N$Vm
9RT
%
&'
(
)*
1 3
                                  (1.18)
where Deff is the effective diffusion coefficient, !" #" is the !/!’ interfacial energy per unit 
area, N% is the total mole fraction of solute in ! phase, Vm is the molar volume of the !’ 
phase (" 6.8!10-6 m3mol-1[66]), R is the gas constant and T is the absolute temperature. 
Note that LSW theory is based upon the following main assumptions;
• Particles are spherical, with small volume fraction.
• Constant interface mobility.
• Processes such as nucleation or aggregation that introduce new particles are negligible.
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The interfacial energy !" #"  can be calculated as
!" #" = $%H
m                                            (1.19)
where #  is an empirically determined constant ("2.13!10-5 in this study), and !H
m
the 
enthalpy of solution of 1 mole of !’ in the ! in equilibrium at the coarsening temperature. 
In other words, the contribution of entropy part can be neglected.  Moreover, the effective 
diffusion coefficient, Deff, can further be calculated [67] as 
Deff = D0
! exp("Qeff / RT )                                   (1.20)
where 
D
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= x
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#                                              (1.21)
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i
#                                              (1.22)
where x
i
!" is the mole fraction of element i in !’ phase, D
i
0  and Qi are the frequency factor 
and activation energy for the diffusion of element i in the ! phase, respectively. 
Interdiffusion coefficients of important elements in the superalloys are summarised in 
Table 1.2.
Table 1.2 Interdiffusion coefficients of  element i in % phase obtained from [68, 69].
Ni Co Cr Mo W
D0 (m2#sec-1) 1.84!10-4 2.20!10-5 5.00!10-5 3.00!10-4 8.00!10-6
Q (kJ#mol-1) 285 256 260 288 264
Al Ti Nb Ta Re
D0 (m2#sec-1) 1.87!10-4 8.60!10-5 9.00!10-5 2.19!10-5 8.20!10-7
Q (kJ#mol-1) 268 257.1 278.7 251 255
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Chapter 2. 
Experimental 
Procedures
2.1 Introduction
2.1.1 Objectives
The main aim of the work within this thesis is to advance knowledge of and make new 
insights into the alloy design of nickel-based single crystal superalloys.  Research will be 
firstly focused upon rationalising the oxidation kinetics of nickel-based superalloys and 
their chemical composition.  The primary technique to be used is computer simulations 
based on both Wagner’s theory of parabolic oxidation and Wagner-Haffe theory.  Research 
will also be addressed into rationalising creep and thermomechanical fatigue deformation. 
These will be combined with the supporting experimental techniques shown in the later 
parts of  this chapter.
2.1.2 Alloy Design Concept
Usually, nickel-based superalloys contain more than 8 elements (Ni, Co, Cr, Mo, W, Al, Ta, 
Hf), and there are thus many possibilities for new candidate alloys.  In this study, the target 
range was selected by appealing to prior experience and then the compositions were further 
narrowed by various calculations.  A candidate, SCA425+ was chosen in the following way. 
First of all, the chemical composition range applied in this project was selected. Siemens 
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Industrial Turbomachinery AB in Sweden considered appropriate target ranges, and 
decided upon [70]
(i) Cr > 12 wt.%. 
(ii) Al > 4 wt.%
(iii) Low levels of  Ti, Nb, V 
(iv) Volume fraction of  gamma prime f to be moderate 
(v) Ta to be the main strengthening element 
(vi) Relatively wide heat treatment window
The condition (i) was chosen to ensure very high corrosion resistance, which is a strong 
requirement for IGTs.  The higher amount of aluminum (ii) promotes the formation of 
alumina, which promotes oxidation resistance.   The third condition (iii) avoids the harmful 
element for oxidation resistance [71], see Fig.2.1. 
Fig.2.1 Modelled (individual element) compositional effects on the 1100ºC cyclic 
oxidation attack parameter for a Ni-8Cr-6Al-6Ta-4Mo-4W-1Nb base alloy[71].
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In the case of (iv), it is well known that 62.5% and 75% of !' confers the best creep 
properties at 800°C and 1000°C, respectively [72].  However, in this study, a relatively lower 
amount of !' was chosen.  This is because a reduction to 50% does not deteriorate the 
creep properties too much.  Furthermore it is known that the higher fraction of the softer 
matrix phase ! contributes better fatigue properties. Here, low cycle fatigue (LCF) and 
thermal mechanical fatigue (TMF) are of prime importance.  The condition (v) will 
increase the fraction of the !' to the target range without significant loss of both creep and 
oxidation properties.  Tantalum is believed to be beneficial for the cyclic oxidation 
resistance [71]. Increasing Mo, W or Cr decreases f; therefore, the addition of !' phase 
forming elements i.e. Al, Ti and Ta is necessary. Titanium is known as a harmful element 
for oxidation, thus tantalum became sensible (note that the condition of Al is in (ii)). The 
heat treatment window (HTW) in condition (vi) is defined as the temperature differences 
between solidus and solvus; generally it is better to have a wider HTW range to ease 
processing.  
In order to ensure the idea above was practically feasible, a first trial alloy, called STAL425, 
was developed as part of a joint project between Siemens (designing), Swedish research 
institute KIMAB (casting) and Imperial College London (investigations) in 2006.  The 
composition of  the KIMAB-cast STAL425 is given in Table 2.1.  
Table 2.1 Nominal compositions (wt.%, Ni-bal.) of  superalloys related to this study.
Co Cr Mo W Al Ta Ti Hf Other
KIMAB-cast 
STAL425 4.12 14.20 0.96 2.51 5.47 10.10 - 0.41 C: 470ppm
IN738LC 8.5 16.0 1.7 2.6 3.4 1.7 3.4 - 0.01B, 0.1Zr0.05C
SCA425  5.00 16.00 1.00 4.00 4.00 5.00 2 - -
SCA425Hf  5.00 16.00 1.00 4.00 4.00 5.00 2 0.4 -
SCA425+  5.00 15.50 1.00 4.00 4.55 8.00 - 0.1 -
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This composition was chosen in an attempt to satisfy the conditions above.  The f of 
KIMAB-cast STAL425 was found to be 62 ± 6 %.  Generally speaking, the formation of 
topologically close packed  (TCP) phases in nickel-based single crystal superalloys [42, 43, 
73-75] causes considerable mechanical property degradation [76, 77].  But here, no TCP 
phases were found to precipitate in KIMAB-cast STAL425 after heat treatment. 
Furthermore, the heat treatment dissolved the eutectic !' phase completely; thus it is likely 
that this alloy has a relatively wide HTW.  In short, the alloy design concept was confirmed 
to be very promising.
One candidate alloy, SCA425, was selected to be the base material in this PhD project, on 
which further design studies could be based.  SCA425 was an alloy originally developed by 
the French Aerospace Lab, ONERA [78].  SCA425 is designed to achieve both IN738LC 
level of hot corrosion resistance and creep resistance equivalent to IN792.  The 
compositions of IN738LC and SCA425 are listed in Table 2.1.  The estimated amount of 
!' in SCA425 is 50%.  Despite the fact that a beneficial effect of Co on phase stability has 
been reported by Walston et al. [79], Co was further reduced from IN738LC levels in order 
to control and limit the primary creep deformation [80].  Secondly the grain boundary 
strengthening elements such as carbon and boron were removed.  This is because there is 
no need for these elements in a single crystal superalloy.  For example, the solidus 
temperature increases with respect to the removal of these elements, i.e. the HTW expands. 
Thirdly, all of the niobium and some of the titanium in IN738LC were replaced by 
aluminum and tantalum to expand the HTW furthermore.  Finally, tungsten was added to 
substitute for some of the molybdenum.  It is likely that this is because molybdenum forms 
volatile oxides at high temperature.  A further point is that SCA425 cannot produce a 
continuous alumina layer at 1000°C; therefore, practically it is recommended to add 0.4 wt.
% hafnium to SCA425 (termed SCA425Hf) in order improve the oxidation resistance and 
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moreover to improve the adhesiveness of the aluminide coating applied for oxidation 
protection.  The composition of  SCA425Hf  is shown in Table 2.1 as well.  
Finally, the SCA425+ alloy was developed from the original SCA425 alloy, and it is this 
alloy which is studied in this thesis.  The alloy design targets were 
(a) IN738LC level of  hot corrosion resistance
(b) IN792 level of  creep resistance 
(c) CMSX-4 level of  oxidation resistance.  
Various changes and improvements were made to the new alloy.  Firstly, the 2 wt.% of 
titanium remaining in SCA425 was completely removed.  This reduction should improve 
the oxidation resistance, and should expand the HTW.  However, as the result of this 
reduction, it is estimated that the f should decrease to 36%.  Then, to compensate for this 
effect, further amounts of !' former element, aluminum and tantalum, were added. 
Tantalum can form very stable oxide at high temperature above 800°C: Ta2O5 and/or 
NiTa2O6.  The equivalent amounts were chosen to match f; in other words, the f of 
SCA425+ is designed to be equal to that of SCA425 (but the partitioning coefficient of Ta 
and site occupancy of Ta to Ni/Al site changes).  It was found via thermodynamical 
calculations that 2 wt.% of titanium can be substituted by 0.54wt. % aluminum plus 4.0 wt.
% tantalum, or 1.0wt.% aluminum plus 1.62wt.% tantalum.  This means that several 
variation of Ta/Al ratio can be considered as the candidates for this study.  A further 
thermodynamical investigation indicated that a higher Ta/Al ratio narrows the HTW 
slightly, but a higher level of tantalum will contribute to improve creep, so a compromise 
needed to be found.  The nominal composition of SCA425+ chosen is given in Table 2.1. 
To sum up, the IN738LC-based SCA425 alloy is chosen as a basis, but this was further 
modified to SCA425+ to confer better properties particularly in oxidation.
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Of course, what is described above is merely conjecture on the basis of modelling.  A 
major aim of  the work reported in this thesis is the testing of  the predictions.
2.1.3 Materials
The prototype nickel-based single crystal superalloy SCA425+[70, 81] was chosen for the 
present work.  This is a candidate for future application in industrial gas turbines partly on 
account of its Cr content (15.5 wt.%) which is appreciably greater than for most other 
single crystal alloys – many of which were designed for aero engine applications.  Two 
derivatives of SCA425+ containing 0.25 and 0.5 wt.% Si are also studied here; it  has been 
reported that Si is beneficial with regard to Al2O3 layer formation [82-85], but one purpose 
of  the experimentation was to check this for the SCA425+ alloy.  
Consistent with the result from chapter 3, one further derivative of SCA425+ containing 2 
wt.% Re was also investigated.  This alloy was used to validate whether our oxidation 
model works or not, see chapter 6.  There is no report indicating that substituting W to Re 
is beneficial for oxidation; however it is predicted that this would be (chapter 3), hence this 
alloy was prepared and evaluated.  The nominal compositions of the four alloys 
investigated are given in Table 2.2.  
Table 2.2 Nominal compositions (wt.%, Ni-bal) of  superalloys investigated.
Co Cr Mo W Al Ta Hf Other
SCA425+ 5.0 15.5 1.0 4.0 4.55 8.0 0.1 -
SCA425+0.25Si 5.0 15.5 1.0 4.0 4.55 8.0 0.1 0.25Si
SCA425+0.5Si 5.0 15.5 1.0 4.0 4.55 8.0 0.1 0.5Si
SCA425+Re 5.0 15.5 1.0 2.0 4.55 8.0 0.1 2Re
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2.2 Experimental Methodology 
2.2.1 Mould Preparation & Bridgman Casting
An industrial scale investment casting facility at the University of Birmingham was used to 
prepare single crystal castings in the form of 15 mm diameter rods of length 150 mm (see 
Fig.2.2).  Typically, three rods were cast in each run with a withdrawal speed of ~200 mm 
per hour; the anticipated temperature gradient was 75ºC/cm.  Ceramic moulds were 
prepared from alumina, silica and zircon in the usual way (Table 2.3); the final mould 
thickness was ~6 mm.  These were de-waxed in a steam furnace for 5 mins and then 
sintered at 1000°C for an hour in air, prior to casting.  The casting stock was melted by 
Ross & Catherall in Sheffield, UK to industry-leading standards (see Table 2.4 and 2.5 for 
its composition).  Chemical analysis indicated less than 7.2 ppmw of sulfur in the stock, so 
that – since the oxidation temperatures used here are 1000ºC or lower and the tests carried 
out isothermally – any influence of this element on oxidation performance will be 
negligible [71, 86-90]. Casting was carried out under the vacuum of better than 10-4 Pa. 
The single crystal bars were carefully removed from the mould, and then sand blasted.  In 
order to confirm whether the cast bar contained surface defects, the bars were macro 
etched using HCl + 5~10 vol.% H2O2 solution.  No freckles were observed.  
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Table 2.3 – Primary and secondary slurry compositions and stucco with weights for a 
production size tank.
Primary Secondary
Slurry Type PDS 62 PDS 295 
Binder Morrisol X30, 66kg EHT, 52.5kg
Wetting agent Synperonic N, 150ml Victawet 12, 300ml
Anti-foaming agent Octan-1-ol, 300ml -
Filler -200 mesh zircon, 300kg -200 mesh zircon, 200kg
Slurry Controls B5 (flow time for 70ml)should be 28-31 seconds
B4 (flow time for a full cup)
should be 55-60 seconds
Stucco AL80(80 mech alumina)
28/48 mesh
alumina
Drying period 8 hours 2 hours
Coating times 1 5 + sealing
 a  b
Fig.2.2 (a) Bridgman casting furnace in University of  Birmingham and (b) typical 
mould used for single crystal bars in this study.
Table 2.4 Compositions of  major (wt.%) and minor (ppmw) elements in stock.
Co Cr Mo W Al Ta Hf Si Re
SCA425+ 5.03 15.55 1.00 4.00 4.52 7.95 0.10 0.05 <0.05
SCA425+0.25Si 4.86 15.64 1.02 4.12 4.54 8.18 0.12 0.25 <0.05
SCA425+0.5Si 5.00 15.39 1.01 4.06 4.54 7.97 0.11 0.51 <0.05
SCA425+Re 5.01 15.57 0.99 2.01 4.55 8.04 0.11 0.05 1.99
(wt.%)
C S N P O Zr Ti Nb
SCA425+ 169 <2 8 <20 7 <50 <500 <500
SCA425+0.25Si 130 7.2 3 <20 6 <50 <500 <500
SCA425+0.5Si 150 <2 4.8 <20 5.9 <50 <500 <500
SCA425+Re 160 4 10 <200 8 <50 <500 <500
(ppmw)
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2.2.2 Heat Treatment Studies
To remove microsegregation inherited from casting, an appropriate solutioning procedure 
was designed.  Pieces of the as-cast material were exposed to temperatures between 1250ºC 
and 1320ºC, for 2 hours.  The samples were first put into the furnace heated at 20ºC lower 
than the target temperature; then after 15 minutes the temperature was increased by +1ºC/
min to the target temperature.  The solution treatment chosen are summarised in Table 2.5. 
Optical micrographs in the as-cast condition and after solution treatment are shown in Fig.
2.3.  No incipient melting was observed.  These optimal conditions were further supported 
by differential scanning calorimetry (DSC).  Specimens of size 2 ! 2 ! 2 mm were cut 
from fully heat-treated bars, and then inserted into a NETZSCH DSC404C machine in 
pure-Al2O3 crucibles and analysed between 800ºC to 1400ºC.  The heating and cooling 
rates used were 5ºC/min and 10ºC/min, respectively. The DSC results are summarised in 
Fig.2.4; these is consistency with the heat treatment studies above.  
In order to reprecipitate "’ phase after the solution treatment above, the first ageing 
treatment was carried out at 1120ºC for 24 hours followed by air-cooling, unless specifically 
stated otherwise.  The second ageing condition was 850°C 20 hours followed by air-
cooling, unless specifically stated otherwise.  
For simplicity, as a good predictability was found in terms of solidus temperature 
calculation (Fig.2.4), the solution treatment condition of SCA425+Re was first predicted 
around 1320ºC, hence solution treated at 1280ºC for 5 hours followed by air-cooling.  First 
ageing condition was 1100ºC 6 hours followed by air-cooling.  No incipient melting was 
found. 
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Table 2.5 Solution treatment conditions used for the candidates (AC: Air cooling).
Solution treatment
SCA425+ 1280ºC 1 hour -> 1300ºC 5 hours, AC
SCA425+0.25Si 1260ºC 1 hour -> 1280ºC 5 hours, AC
SCA425+0.5Si 1230ºC 1 hour -> 1250ºC 5 hours, AC
SCA425+Re 1280ºC 5 hours, AC
Fig.2.3 Optical micrographs of (a) SCA425+ as cast, (b) SCA425+ 1300ºC 2 hours AC, 
(c) SCA425+0.25Si as cast, (d) SCA425+0.25Si 1280ºC 2 hours AC, (e) SCA425+0.5Si as 
cast and (f) SCA425+0.5Si 1250ºC 2 hours AC. (AC: Air cooling)
Fig.2.4 Phase diagram of  SCA425+ with respect to Si content. (L: Liquid)
 a  b
 c  d
 e  f
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2.2.3 Isothermal Oxidation Test 
2 mm thick discs were sliced from the heat-treated castings, polished and cleaned as 
described in section 2.2.8, and then placed in an alumina boat before being exposed 
isothermally at 900ºC, 950ºC and 1000ºC for 100 hours, respectively.  Isothermal oxidation 
tests were performed using either a Severn Science Limited tube furnace (max: 1000ºC), 
Lenton Thermal Designs Limited box furnace (max: 1500ºC) or Elite Thermal Systems 
Limited box furnaces (max: 1100ºC) without flowing air.
2.2.4 Thermogravimetric Mass-Balance Analysis (TGA) 
Specimens of size 1 cm % 2 cm % 0.5 mm were prepared; the surfaces were polished to 
1200 grit and cleaned thoroughly in an ultrasonic bath with acetone, before analysis in a 
thermogravimetric mass-balance analysis (TGA) calibrated to better than ± 50 µg.  A Ci 
Electronics MK2-M5 microbalance (Fig.2.5a) together with DISBAL control unit (Fig.2.5b) 
were used.  Temperatures between 900ºC and 1000°C were used, with tests lasting up to 
300 hours.    Data logging was carried out using Labweigh software.
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Fig.2.5 (a) DISBAL control unit and (b) CI Electronics TGA rig at the University of  
Birmingham.
 b
 a
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2.2.5 Creep Testing
Specimens of 24.5 mm gauge length and 5 mm diameter (Fig.2.6) were machined from 
fully heat-treated single crystal bars.  The orientations of specimens were within 10º from 
the <001> direction.  Testing was carried out under constant load conditions at 750ºC/
520MPa, 750ºC/455MPa, 850ºC/275MPa and 850ºC/235MPa, respectively. 
2.2.6 Thermomechanical Fatigue Testing
Specimens of 22 mm gauge length and 6 mm diameter were used (Fig.2.7).  Out-of-phase 
(OP) TMF tests were carried out using an MTS 810 servo-hydraulic testing machine (Fig.
2.8) under strain-control, with lower and upper temperatures of 100ºC to 950ºC 
respectively and with the mechanical strain range, ")mech, set at values up to 0.9%.  All tests 
were carried out with a strain ratio of R  = )min/)max = - $.  Note that in order to achieve a 
stabilized mean stress early in the tests, a 20 hour hold time was applied at the maximum 
temperature of the first cycle; however, 5 minutes hold time was applied in the later cycles 
(Fig.2.9). This combination of R-ratio and longer hold time in the first cycle was chosen 
since it is believed to represent better the service conditions experienced in the industrial 
gas turbine.  Specimen was finally hot-mounted for microstructural observations.
Fig.2.6 Schematic illustration of  specimen geometry for creep testing.
Fig.2.7 Schematic illustration of  specimen geometry for TMF testing.
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Fig.2.8 MTS 810 servo-hydraulic testing machine in SIEMENS Industrial 
Turbomachinery AB in Sweden.
Fig.2.9 The dependence of strain and temperature on time during TMF cycling, with a 
compressive hold time of 5 mins.  Note that 20 mins hold time was applied in the first 
cycle.
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2.2.7 Hot Mounting Sample Preparation
Specimens were cut using 0.5 mm thickness SiC disc with Struers Acutom 5 (Fig.2.10a). 
The feed rate was <0.015 mm/sec with disc rotation speed of 3000 rpm.  No oscillation 
was used.  Hot mounting was carried out with conductive bakelite by ATM Opal400 (Fig.
2.10b) at less than 200ºC for 15 mins.  Specimen was polished in the following way (see 
Table 2.6).  Samples are finally cleaned thoroughly in an ultrasonic bath with ethanol. 
Table 2.6 Polishing condition used for  hot-mounted specimens in this study.
Paper/Buff Suspension Duration
(mins)
Pressure
(N)
Rotation 
speed (rpm)
1 240grid SiC water Until plane 5 250
2 UltraPad* 9*m diamond 4 5 125
3 TexMet1500* 3*m diamond 3 5 125
4 MasterTex* MasterPrep*
(water in last 
30 secs)
2 5 125
* BUEHLER
Fig.2.10(a) fine cutter Struers Acutom 5, (b) automated mounting press ATM opal400 
in University of  Birmingham
 a  b
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2.2.8 Cold Mounting Sample Preparation
In order to avoid cracks at the oxide/metal interface, oxidised specimens are implanted 
with epoxy resin (Struers Specifix20), and then ground at least 1 mm with 120 grid SiC 
paper.  The polishing conditions are summarised in Table 2.7.  The samples were hand-
polished to reduce the polishing pressure.  This is because the oxide/substrate has different 
hardness; thus it is more difficult to remove scratches from both at the same time.  Samples 
were cleaned thoroughly in an ultrasonic bath with ethanol.  Finally, specimens were carbon 
coated for subsequent SEM analysis.
Table 2.7 Polishing condition used for  cold-mounted specimens in this study.
Paper/Buff Suspension Duration
(mins)
Pressure
(N)
Rotation 
speed 
(rpm)
1 120grid SiC water Grind 1mm hand 250
2 240grid SiC water <2 hand 125
3 400grid SiC water <2 hand 125
4 800grid SiC water <2 hand 125
5 1200grid SiC water <1 hand 125
6 2500grid SiC water <1 hand 125
7 MasterTex* MasterPrep*
(water in last 
30 secs)
2 hand 125
* BUEHLER
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2.2.9 Scanning Electron Microscopy (SEM)
In this study, tungsten filament scanning electron microscopy (SEM), JEOL6060LV, or 
Field Emission Gun SEM, JEOL7000F, were used.  Both were equipped with an Oxford 
Instruments INCA system for energy dispersive spectroscopy (EDX).  For image analysis, 
in order to obtain clear threshold between matrix and precipitate, etching was performed. 
The optimal etching solution for SCA425+ was found to be as 200 mL HCl + 50mL 
HNO3 + 300mL deionised water + 12.5 g CuCl + 12.5 g FeCl.  Micrographs were then 
taken using an image processing software program, Scion image for Windows XP 
(developed at the U.S. National Institutes of Health), which is freely available from http://
www.scioncorp.com/frames/fr_download_now.htm, or on floppy disk from the National 
Technical Information Service, Springfield, Virginia, part number PB95-500195GEI.  
2.2.10 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) microanalysis was carried out as follows.  For 
oxide/metal interface observation, thin foils were prepared on an FEI Quanta 3D-FEG 
FIB/SEM to a thickness of ~150 nm; they were cleaned with an 5 kV Ga ion beam at 48 
pA.  The samples were consequently analyzed on an FEI Tecnai F20 microscope using an 
Oxford Instrument X-max SDD detector of 80 mm2.  In the case of substrate 
observation, discs of diameter 3 mm were ground mechanically to ~150 *m thickness. A 
JEOL%200CX%microscope at the University of Cambridge was used for this.  They were 
then polished electrochemically by the twin jet method, using an HClO4 + 80 vol.% 
ethanol solution at 0ºC, using 10-30 V direct current.  
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2.2.11 X-ray and Neutron Diffraction Analysis (XRD & ND)
A Philips X’Pert X-ray diffractometer (Fig.2.11a) with Cu K& source at 40kV and 40mA, at 
a scan rate of 2.4º min-1 over the 2' range 0-100°, was used.  Note that superlattice peak 
such as (100) cannot be found in X-ray analysis, but can be found by the neutron analysis 
(ND)[91].  In this way, the volume fraction of the !’ phase (along with the lattice 
parameters of the ! and !’ phases and the associated lattice misfit) was evaluated at 
temperatures of 800, 900 and 1000 ºC using the Engin-X neutron diffractometer (ND) at 
the ISIS facility, Rutherford Appleton Laboratory, Oxfordshire, UK (see Fig.2.11b).  Fully 
solutioned SCA425+ was used.   This enabled the (100) superlattice peak from the !’ phase 
and (200) peaks from both ! and !’ phases to be obtained; the (100) superlattice peak was 
then fitted by a normal distribution, thus allowing the fitting of the composite peak from 
(200) by a two-peak gauss function since the position of the (200) superlattice contribution 
could be deduced.  This procedure allowed the volume fraction of the !’ phase to be 
determined from the ratio S(100)/S(200) of  the integrated intensities of  the two reflections.  
Fig.2.11 (a) Philips X'Pert X-ray diffractometer at the University of Birmingham and 
(b) Engin-X neutron diffractometer at the ISIS facility, Oxfordshire, UK.
 a  b
Chapter 2. Experimental Procedures
56
Chapter 3. 
On the Oxidation of  
Nickel-Based Single 
Crystal Superalloys for 
Industrial Gas Turbine 
Applications
3.1 Introduction
Oxidation of the nickel-based superalloys – particularly when used for hot section 
components such as turbine blades and guide vanes – is a possibility which must be 
anticipated prior to placing them in their operating environment.  This is because the 
conditions experienced during service are very aggressive, with the temperature of the gas 
stream approaching 1750ºC for a typical gas turbine, for example; thus despite the use of 
sophisticated cooling arrangements and thermal barrier coatings [92], a metal temperature 
approaching 1000ºC or greater is typical for many applications.  In fact, there are some 
combinations of engine design and mission characteristics for which oxidation is the 
predominant mode of damage, far exceeding the likelihood of excessive lengthening of the 
blade by creep [93]; oxidation can also be the pre-cursor to low-cycle fatigue damage [62, 
94].  In these circumstances, failure in an engineering sense is by excessive oxidation since it 
necessitates the removal of  the blade from service before the design life is reached.  
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The design of accurate models to allow the oxidation resistance of the nickel-based single 
crystal superalloys to be estimated as a function of their chemical composition is therefore 
a significant challenge, which unfortunately has yet to be achieved.  A complicating factor 
is the chemical complexity of these alloys; it is not unusual for ten or more elements to be 
present, including quantities of Cr, Al, Ti, Ta, W – and potentially platinum group metals 
such as Re, Ru – so that many different products of the oxidation reaction are possible. 
These include Cr2O3, Al2O3, TiO2, Ta2O5 and WO3 as well as spinel phases such as 
NiCr2O4, NiAl2O4, NiTa2O6 and NiWO4 amongst others [8, 95].  In practice, it usually 
found that alloys which form an alumina scale (Al2O3) exhibit the greatest resistance to 
oxidation, despite the thermodynamic driving force for the oxidation of aluminium being 
the amongst the largest of all the alloying elements added.  Clearly, one is then relying upon 
kinetic effects to provide the oxidation resistance required; growth of Al2O3 is slow  and it 
adheres to the substrate without spalling excessively.  For this reason, many of the most 
widely employed superalloys – particularly those used for single crystal applications – are 
Al2O3 formers.  Alloy designers have found from empirical studies that a concentration of 
about 5~6 wt.% of Al is often sufficient to maintain Al2O3 scales and thus to maintain 
adequate oxidation resistance [3, 96, 97].  However, the compositions of the nickel-based 
single crystal superalloys vary widely, and it is found that some compositions oxidise more 
readily than others, despite their being Al2O3 formers.  Models which account for these 
effects would be tremendously useful; construction of them represents an important step 
towards quantifying the trade-off between oxidation resistance and other properties of 
interest, e.g. creep resistance.
In this chapter, the factors influencing the formation of an Al2O3 layer on the nickel-based 
superalloys are considered.  The performance of three nickel-based single crystal 
superalloys are considered; these are prototypes which might find future application in the 
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IGTs used for electricity generation.  Whilst these alloys are shown to be Al2O3 formers, 
they are marginally so and this has allowed the factors influencing Al2O3 formation to be 
studied in detail.  In the later part of this work, a procedure for estimating whether any 
given superalloy will form a compact Al2O3 layer is described.  This captures many of the 
critical physical phenomena which determine whether any given superalloy forms an Al2O3 
scale or not.  Its predictions are compared critically to experimental data reported here but 
also that available in the literature.
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3.2 Background Theory
Since the concern in this work is the oxidation resistance of the nickel-based superalloys, 
the fundamentals governing this are briefly considered; these will be built upon in the later 
parts of  this chapter. 
The oxidation of  an alloying element M from the superalloy can be represented by  
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MxOy                                  (3.1)
so that a parabolic oxidation constant kt can be introduced consistent with Wagner's theory 
[11] as eq.1.11 (details in section 1.3.2).  !Gf term in eq.1.11 is the Gibbs free energy of 
formation of the MxOy oxide and this can be expanded consistent with the Van't Hoff 
isotherm [8, 9] according to eq.1.1 (section 1.3.1).  Eq.1.1 can also be used to calculate the 
partial pressure of oxygen by placing !Gf equal to zero [98]; for example, data for !G0 are 
available from several databases and a
M
can be calculated using the Thermo-Calc software 
[9], so that the driving force of oxidation, i.e. !Gf , can be estimated.  Notice that eq.1.11 
implies 
kt ! "Gf                                                    (3.2) 
Also, by combining eq.1.1 and eq.3.2 one has
kt ! "Gf = "G0 + RT ln
aMxOy
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)                       (3.3)
Thus the oxidation rate is a function of !Gf which can be calculated from aM ; this is 
dependent upon the chemistry of  the superalloy.  
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The ability of a nickel-based superalloy to form an Al2O3 scale depends not just on 
thermodynamic driving forces but also on kinetic factors [99]; for example, the presence of 
impurities in the Al2O3 inherited from the superalloy has a profound influence on the 
oxidation kinetics [12].  For these applications Al2O3 is in practice an n-type oxide rather 
than p-type one [22], so that it is an electron conductor with tel " 1; thus eq.1.11 can be 
rewritten as
kt = !
" ttion
zc
2
za
2
e
2
#Gf                                            (3.4)
Moreover, different contributions to tion from anions and cations can be acknowledged so 
that
kt = !
" t ta + tc( )
zc
2
za
2
e
2
#Gf                                        (3.5)
where ta represents the transport number of the anions and tc is the equivalent quantity for 
the cations.  In the case of  an n-type conductor, one has ta >> tc so that
kt = !
" tta
zc
2
za
2
e
2
#Gf = !
" a
zc
2
za
2
e
2
#Gf                       (3.6)
Here, the anion is the oxygen ion and with the use of Nernst-Einstein relation one can 
write
kt = !
c
o
za
2
e
2
kT
D
o
zc
2
za
2
e
2
"Gf = !
c
o
D
o
zc
2
kT
"Gf                        (3.7)
where c
o
 represents the concentration of oxygen in the oxide, D
o
 represents the diffusion 
coefficient of oxygen in it, and k is the Boltzmann constant.  For example, assuming that 
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doubly charged oxygen vacancy is the dominant defect in Al2O3 at high temperatures, one 
has 
 
kt = !
c
o
V
!!O
c
o
"
#$
%
&'
D
V!!O
zc
2
kT
(Gf = !
D
V!!O
zc
2
kT
"
#$
%
&'
V
!!O
(Gf                  (3.8)
where 
 
D
V!!O
represents the diffusion coefficient of a doubly charged oxygen vacancy, and 
 
V
!!O
 represents its concentration.  At constant temperature, one has from eq.3.8
 
kt !V!!O"Gf                                              (3.9) 
so that the concentration of the dominant defect is one of the most important factors 
influencing the oxidation rate.  Note that the Eq.3.9 above is the model equation to 
emphasize the importance of the concentration of the dominant defect.  In practice [20] 
however, the concentration of the dominant defect is strongly influenced by the presence 
of impurities inherited from base metals cations such as Ni2+. For example, suppose that 
the predominant impurity defect in Al2O3 is Ni; the defect reaction can then be written
s !e + sNiO +
s
4
O
2
" sNi
A !l
+
3s
2
O
O                     (3.10)
so that s  mol of electrons are reduced; in order to maintain charge neutrality, one or other 
of  the following reactions must occur:
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(a) when the doubly charged oxygen vacancy is the dominant defect, then
 
sNiO +
s
4
O
2
! sNi
A "l
+
3s
2
O
O
+
s
2
V
!!O                  (3.11)
(b) or alternatively, when the singly charged oxygen vacancy is the dominant defect, then
 
sNiO +
s
4
O
2
! sNi
A "l
+
3s
2
O
O
+ sV
!O                  (3.12)
Further equations for the situations when the dominant defect is either a singly or doubly 
charged interstitial metal ion should also be acknowledged, but for the simplicity, these are 
ignored here.  In the case of eq.3.11, one can see that s mol of Ni are associated with s/2 
mol of doubly charged oxygen vacancies, and in the case of eq.3.12, s mol of Ni are 
associated with s mol of singly charged oxygen vacancies.  Thus, in general, one can 
summarise the situation as
 
! "e #V!!O  or V!O                                          (3.13)
where ! "e represents the net electron concentration change in the parent oxide. These 
ideas are elaborated upon later in this work.
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3.3 Results 
3.3.1 Isothermal Oxidation Testing
Fig.3.1 shows the weight changes recorded during the TGA analysis for alloys with and 
without Si at temperatures between 900ºC and 1000ºC.  Note that alloys received the 
standard heat treated as stated in section 2.2.2.  No significant spallation of oxide was 
observed.  A first notable point is that – when Si is absent – the weight gain accumulated at 
900ºC after 100 hours (Fig.3.1c) is significantly larger than that at 1000ºC (Fig.3.1a). When 
Si doping is introduced, the effect is negligible at 1000ºC (Fig.3.1a) but a beneficial effect is 
found at lower temperatures. Whilst the oxidation was not found to conform precisely to 
parabolic kinetics, it was possible to determine instantaneous values of the parabolic 
thickening constant kp from the experimental data, see Fig. 3.2.  Our calculations indicate 
that the values of kp estimated for SCA425+ at 1000ºC at short times are higher than 
reported in the literature [100] for the growth of Al2O3 (in fact more consistent with the 
data for the formation of Cr2O3) but at later times the kinetics are consistent with it, see 
Fig. 3.2.  Thus the low weight gain observed at 1000ºC in Fig.3.1a is due to the formation 
of a compact Al2O3 layer formation, see Fig.3.3a.  At 900ºC, the values obtained were in 
the range reported for Cr2O3 [100]; the significant weight gain at this temperature is 
consistent with the lack of  perfection of  the Al2O3 layer, and internal oxidation.  
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Fig. 3.1 The weight changes observed in SCA425+ with and without Si during exposure 
at temperatures of  (a) 1000ºC (b) 950ºC and (c) 900ºC.
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Fig.3.2. Comparison of the parabolic oxidation constants kp of SCA425+ between 
900ºC and 1000ºC, with the kp of pure oxides from the literature [100]: (a) SCA425+, (b) 
SCA425+0.25Si and (c) SCA425+0.5Si. 
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Fig.3.3 Micrographs of SCA425+ after exposure at (a) 1000ºC 100 hours, and (b) 900ºC 
100 hours. Note in (a) that the Al2O3 morphology is continuous in the interdendritic 
region by discontinuous in the dendritic regions.
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In Fig.3.4, SEM micrographs of the oxidized superalloys are shown after the exposure at 
temperatures of 900ºC, 950ºC and 1000ºC for 100 hours.  The EDX analysis revealed that 
the darkest oxide layer in Fig.3.4 consisted mainly of aluminium and oxygen, consistent 
with %-Al2O3; the presence of this phase was confirmed by XRD, see Fig.3.5.  This finding 
was further confirmed by the TEM analysis, see Fig.3.6 and Fig.3.7.  The chemical 
composition of Al2O3 was 39.6Al - 59.7O - 0.4W - 0.3Mo (in at.%); thus it is confirmed 
that Al2O3 can involve impurities at levels of ~0.5 at.% [101, 102].  One can see from Fig.
3.4 that there is a tendency for %-Al2O3 to form a continuous layer only at higher Si 
contents and when the exposure temperature is higher; at lower temperatures and in the 
absence of Si, internal oxidation is prevalent.  Additionally, the presence of Ta2O5/
NiTa2O6 and Cr2O3 were confirmed by both EDX and XRD.  For example, in the images 
in Fig.3.4 Ta2O5 is the brightest oxide and Cr2O3 is the second brightest oxide for 
SCA425+ exposed to 1000ºC; NiTa2O6 is the brightest oxide and Cr2O3 is the second 
brightest oxide for the same alloy at 900ºC.  Thus, as one moves outward across the scale 
towards the outer surface, one moves from Al2O3 -> Ta2O5/NiTa2O6 -> Cr2O3.  The 
morphologies of  Al2O3 observed after 100 hours exposure are summarised in Table 3.1.  
Table 3.1 The summary of the morphologies of Al2O3 observed after 100 hours 
exposure. The black circle, circle with cross and white circle indicates the continuous 
Al2O3 layer, partially continuous Al2O3 and discontinuous Al2O3 layer, respectively.
SCA425+ SCA425+0.25Si
SCA425+
0.5Si
1000ºC ! ! !
950ºC ! ! !
900ºC " " "
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Fig. 3.4 Micrographs of oxidized superalloys after 100 hours exposure in one 
atmosphere air:  (a) SCA425+ exposed at 1000ºC, (b) SCA425+0.25Si exposed at 1000ºC, 
(c) SCA425+0.5Si exposed at 1000ºC, (d) SCA425+ exposed at 950ºC, (e) 
SCA425+0.25Si exposed at 950ºC, (f) SCA425+0.5Si exposed at 950ºC, (g) SCA425+ 
exposed at 900ºC, (h) SCA425+0.25Si exposed at 900ºC, (i) SCA425+0.5Si exposed at 
900ºC. Note that all micrographs were obtained from the dendrite core region. 
Fig 3.5 X-ray diffrac-
tion patterns of oxide 
formed on SCA425+ 
after exposure at (a) 
1000ºC for 300 hours 
and (b) 900ºC for 300 
hours.
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Fig 3.6 Results from STEM-EDX mapping for SCA425+ exposed at 1000ºC for 100 
hours.  
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Fig 3.7 STEM-EDX line scan analysis across part of Al2O3 layer: (a) illustration of the 
location of the line scan (b) bright field image (gray) + Al mapping result (red), and 
quantitative data for (c) Ni, (d) Co, (e) Cr and (d) Al. 
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3.3.2 Microsegregation Analysis
In fact, further examination revealed that the morphology of the Al2O3 scale differed in 
the dendritic and interdendritic regions, due to variations in local composition arising from 
residual microsegregation inherited from the casting process. Continuous Al2O3 scale 
occurred preferentially at locations corresponding to the interdendritic regions – in part 
due to greater concentrations of Al there – and at higher oxidation temperatures, see Fig 
3.3. These findings provide very strong evidence that the composition of SCA425+ is 
marginal with regard to the formation of  a continuous Al2O3 scale. 
This situation has allowed quantitative estimates to be made of the chemical compositions 
corresponding to marginal alumina scale formation; these are needed for the quantitative 
analysis presented in the final parts of the work. These estimates were made by identifying 
(i) locations at which the Al2O3 becomes continuous/discontinuous, and (ii) associated 
chemical compositions. The results are listed in Table 3.2.  The chemical compositions of 
superalloys were analyzed by SEM-EDX at ~100 &m inwards from metal/oxide interface, 
to avoid any influence of the oxidation reaction.  The chemical composition errors quoted 
in Table 3.2 were obtained by analyzing three different areas in each case.  Each analysis 
area was about 100 &m2; thus, the chemical compositions in Table 3.2 correspond to the 
average composition in 300 &m2.  The chemical compositions of matrix and the 
morphologies of Al2O3 analyzed in both SCA425+ exposed at 1000ºC for 300 hours and 
SCA425+0.5Si exposed at 900ºC for 300 hours are listed in Table 3.2.  Interestingly, it can 
be noticed from Table 3.2 that the concentration of W correlates well with the 
morphologies of  Al2O3.
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Table 3.2 Chemical compositions of matrix analyzed (wt.%, Ni-bal) and Al2O3 
morphology (continuous or not) observed, together with the calculation result of !Gf
and Val
t
eff
.  Note that Val
t
eff
shown are calculated with c
i
!
.
Co Cr Mo W Al Ta Si Conti-nuous?
"Gf 
(kJ/mol)
Valteff
SCA
425+
1000ºC 
300h
4.86
±0.02
15.12
±0.08
1.01
±0.04
3.85
±0.07
4.64
±0.02
8.49
±0.11
- Yes
-591.64
±0.26
-0.5751
±0.0016
5.06
±0.03
15.58
±0.08
0.97
±0.04
4.13
±0.08
4.54
±0.06
7.87
±0.29
- Yes
-591.71
±0.27
-0.5760
±0.0019
5.06
±0.04
15.46
±0.11
0.97
±0.07
4.18
±0.10
4.55
±0.05
7.58
±0.30
- No
-591.33
±0.27
-0.5808
±0.0027
4.90
±0.11
15.61
±0.46
0.96
±0.06
4.12
±0.07
4.59
±0.12
7.66
±0.58
- Yes
-591.80
±0.52
-0.5777
±0.0035
4.93
±0.15
15.54
±0.62
1.14
±0.45
3.94
±0.19
4.60
±0.10
8.04
±0.49
- Yes
-592.14
±1.08
-0.5729
±0.0063
5.03
±0.11
15.47
±0.25
1.03
±0.02
3.93
±0.19
4.54
±0.24
8.06
±0.20
- Yes
-591.43
±0.85
-0.5775
±0.0039
5.05
±0.06
15.53
±0.07
0.97
±0.01
4.01
±0.12
4.50
±0.07
8.09
±0.13
- Yes
-591.25
±0.28
-0.5772
±0.0023
5.07
±0.02
15.69
±0.31
0.99
±0.05
3.98
±0.10
4.46
±0.10
7.89
±0.50
- Yes
-591.14
±0.43
-0.5789
±0.0049
5.03
±0.12
15.50
±0.13
0.95
±0.12
3.86
±0.12
4.51
±0.12
8.30
±0.15
- Yes
-591.20
±0.46
-0.5775
±0.0025
SCA
425+ 
0.5Si
900ºC 
300h
4.92
±0.03
15.50
±0.29
1.05
±0.04
3.82
±0.06
4.54
±0.10
8.18
±0.44
0.69
±0.06
Yes
-627.14
±0.96
-0.5337
±0.0055
5.00
±0.10
15.58
±0.61
1.02
±0.09
4.11
±0.10
4.51
±0.03
8.03
±0.12
0.50
±0.12
No
-625.68
±0.55
-0.5408
±0.0059
5.02
±0.02
15.47
±0.24
0.99
±0.02
4.08
±0.08
4.62
±0.05
7.98
±0.25
0.23
±0.23
No
-623.91
±0.77
-0.5558
±0.0090
4.93
±0.16
15.27
±0.08
0.97
±0.02
4.09
±0.11
4.59
±0.08
8.00
±0.30
0.46
±0.29
Yes
-625.18
±2.76
-0.5471
±0.0195
4.94
±0.08
15.39
±0.16
0.95
±0.02
4.23
±0.10
4.56
±0.06
7.89
±0.28
0.43
±0.06
No
-624.99
±0.55
-0.5471
±0.0056
4.97
±0.06
15.50
±0.11
1.02
±0.04
3.97
±0.03
4.55
±0.03
8.04
±0.08
0.66
±0.28
Yes
-627.10
±1.43
-0.5344
±0.0152
5.05
±0.10
15.64
±0.41
1.01
±0.03
4.01
±0.23
4.52
±0.01
8.00
±0.42
0.36
±0.27
No
-624.57
±2.41
-0.5501
±0.0137
5.03
±0.11
15.44
±0.20
1.02
±0.20
3.67
±0.15
4.56
±0.04
8.08
±0.12
0.65
±0.07
Yes
-626.62
±0.54
-0.5413
±0.0044
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3.3.3 On the Transport Properties of  Alumina
Before proceeding with the discussion and analysis, it is crucial to consider whether the 
experimental results confirm whether Al2O3 is n-type or p-type conductor, because the 
transport properties depend strongly upon this.  Our arguments rest on the partial pressure 
of oxygen at the outer interface of Al2O3, consistent with the presence of other oxide 
species.
From a theoretical standpoint, the partial pressure of oxygen at the outer interface of 
Al2O3 is expected to be equal the dissociation pressure of the oxide which is continuous 
and lying in contact with the Al2O3.  Fig.3.8 shows the Ellingham diagram of the SCA425+ 
alloy calculated with eq.1.1.  
Fig 3.8 Calculated Ellingham diagram for SCA425+.
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It indicates that Al2O3 is indeed the most stable oxide; moreover, the second and third 
most stable oxides at 1000ºC are predicted to be Ta2O5 and Cr2O3, respectively.  Therefore, 
the order of oxides observed is expected to be Al2O3 -> Ta2O5 -> Cr2O3, which is 
consistent with the experimental results.  Moreover, it is confirmed experimentally from 
Fig.3.3a that Cr2O3 appeared as a continuous layer.  Since the dissociation pressures of 
Cr2O3 at 1000ºC is calculated to be 1.19!10-19 atm (from eq.1.1), the partial pressure of 
oxygen at the outer interface of Al2O3 is likely to be much lower than 10-5 atm.  It is 
known that Al2O3 is an n-type conductor at pressures less than 10-5 atm [12].  Thus, it can 
be assumed that Al2O3 is an n-type conductor under the conditions examined in this work. 
Use is made of  this deduction in section 3.4.
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3.4 Discussion and Analysis
Since SCA425+ is a marginal Al2O3 former, changes to the composition of the alloy might 
be contemplated to improve its oxidation performance.  More generally, one would like to 
build analysis capability based upon sound physical principles, by which the chemical 
composition of nickel-based superalloys and oxidation performance are linked by a 
mathematical model.  This could then be used to predict the changes required.  What 
follows is a first attempt at this.   
3.4.1 On the Free Energy for Alumina Layer Formation 
 
Eq.3.2 indicates that the rate of oxidation depends upon the Gibbs free energy of 
formation !Gf ; therefore there might be a threshold value of this quantity which is relevant 
to Al2O3 layer formation.  
To test this hypothesis, values of !Gf were determined for the compositions listed in 
Table 3.2, in the following way.  First, estimates for !G
0
were obtained from the literature 
[103]; the expressions used are given in Table 3.3.  Second, activities of the elements 
present were calculated using the Thermo-Calc software operating on a database of 
thermodynamic parameters [104].  Finally, estimates for !Gf were made using eq.1.1, see 
Table 3.2.  The calculated values of !Gf are found to lie very close to each other, which 
indicates that this quantity alone is insufficient for predicting Al2O3 layer performance. 
Thus, other factors need to be accounted for.  These preliminary conclusions are 
supported by the more sophisticated calculations of  section 3.5. 
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Table 3.3 Parameters used for the calculations of !G
0
per 1 mol O2 from the literature 
[103].
!G
0
per 1 mol O2
(kJ/mol)
Temperature range
(K) R
2
Al2O3 0.2193T-1127.3137 1000 - 1400 1.00
Ta2O5 0.1643T-806.6398 1000 - 1400 1.00
Cr2O3 0.1684T-752.4631 1000 - 1400 1.00
NiO 0.1696T-468.0892 1000 - 1400 1.00
3.4.2 Determination of  the Effective Valence of  Alumina Scale
Previously in section 3.3.3, it is estimated that the semiconductivity of Al2O3 could be n-
type on nickel-base superalloys.  This means that the introduction of eq.3.5 to eq.3.7 is 
indeed reasonable assumption.  In other words, the flux of O2- should be focused more 
than that of Al3+, which later cases are commonly discussed in the literature.  The 
following is the expansion of the eq.3.7 using eq.3.13 and Wagner-Hauffe theory [105]. 
The Wagner-Hauffe theory has further been extended so that it can be applied to a 
multicomponent system of the nickel-based superalloy type.  According to the theory, 
when the valence of an impurity ion is greater than that of the parent cation Al3+ in the 
oxide (as for Ta5+, W6+) the formation of Al2O3 is decelerated on electrochemical grounds 
since the dominant defect concentration (vacancies on the O2- lattice) is reduced.  On the 
other hand, when the valence is lower (as for Ni2+) the dominant defect concentration 
increases and the rate of formation of Al2O3 is enhanced.  For the nickel-base superalloys, 
the possibility of a number of different impurities in the Al2O3 must be contemplated.  For 
example, if s mol of NiO, t/2 mol of Cr2O3 and u/2 mol of Ta2O5 dissolve in Al2O3 (i.e. 
consistent with s mol of Ni, t mol of Cr and u mol of Ta), the appropriate dissolution 
reaction is
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 sNiO +
t
2
Cr
2
O
3
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2
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2
O
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! sNi
Al"
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+ #1 $ s + 0 $ t + 2 $u( ) "e
     +
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O
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s
4
+
u
2
%
&'
(
)*
O
2
        (3.14)
where the underlined term indicates the equivalent opposite charges arising due to the need 
to maintain electroneutrality.  Motivated in this way, one can define a total effective valence 
of  the Al2O3, denoted Valt
eff  and consistent with the underlined term above, as
Val
t
eff
! z
i
" z
Al( )ci
n= i
# = $ %e                            (3.15)
where zi is the effective valence of element i's ion, and zAl is the valence of Al ion; clearly 
one has zAl = 3.  Here,  indicates the atomic fraction of element i in the Al2O3 which is 
acting as an impurity.  Since Al2O3 is an n-type conductor, as Valt
eff becomes more negative, 
the concentration of O2- anions increases so that the oxidation rate is expected to 
accelerate.  Combination of  eq.3.9, eq.3.13 and eq.3.15 leads to the following relationship
kt !Valt
eff
" #Gf                                        (3.16)
One notes that eq.3.16 contains not just a thermodynamic factor (!Gf ) but also a term 
(Val
t
eff ) which relates to the kinetics expected, owing to its proportionality to the 
concentration of  the defects which control the transport properties through the oxide. 
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In the calculations which follow in section 3.5, the term Val
t
eff has also been calculated 
according to 
Val
t
eff ! z
i
" z
Al( )ci
#
n= i
$                                 (3.17)
where c
i
! represents the atomic fraction of element i in the ! phase at the oxidation 
temperature.  Hence, eq.3.16 can be rewritten as
kt ! zi " zAl( )ci
#
n= i
$ %&Gf                                (3.18)
Which of eq.3.15 or eq.3.17 exhibits the better predictive capability is tested in the 
following section.  
To summarize, the proposed calculation method focuses on the oxidation rate expected for 
an Al2O3 particle growing into either the ! phase or the !/!’ two phase mixture. 
Eventually, if the growth rate is sufficient, these Al2O3 particles will coalesce to form a 
continuous layer containing grain boundaries. Ideally, one should include the effect of the 
impurities factor on the grain boundary growth, as shown in Ref. [106] , since this has a 
major effect on the growth of Al2O3 layer.  However, for the sake of simplicity, no 
assumptions are made here about whether the mass transport necessary occurs at the grain 
boundaries or within the bulk.  No effect of nucleation of Al2O3 is include, which is a 
major assumption. 
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3.5 Oxidation Diagram for Nickel-Based Superalloys
3.5.1 Construction of  Oxidation Diagrams 
Inspired by the form of Eq.3.16, so-called oxidation diagrams can now be developed.  As 
will be seen, these have some power for the prediction of oxidation performance and 
therefore are useful for alloy design purposes.  Fig 3.9 illustrates the concept; on the x- and 
y-axes are plotted estimates of !Gf  and Valt
eff  respectively.  The form of eq.3.16 indicates 
that isocontours of constant kt can be identified; the isocontours tend asymptotically to the 
two axes owing to its hyperbolic nature, but in practice it has been found that the curvature 
is rather gentle in the calculated regimes of interest.  Alloys which form Al2O3 readily are 
expected to lie towards the bottom left of the diagrams (large negative !Gf and Valt
eff ); 
those for which a continuous Al2O3 scale is unlikely (small negative !Gf and Valt
eff ) 
towards the top right.
Fig.3.9 Illustration of  the oxidation diagram concept. 
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Since the performance of SCA425+ has been shown to be marginal with regard to 
continuous Al2O3 scale formation, its composition can be used to calibrate eq.3.16 and 
thus to identify the location of a critical isocontour; this has been done for the 
temperatures 900ºC and 1000ºC on the diagrams given in Fig.3.10a and 3.10b respectively 
using the values of !Gf  and Valt
eff  listed in Table 3.2.  Thus the calculated line which is 
plotted in each case passes through the point corresponding to SCA425+.  Fig.3.10a & Fig.
3.10b also contains the calculated results of some well-known superalloys – chemical 
compositions are given in [3] – for which the oxide morphologies have been reported in 
the literature [3, 107-111]; the testing conditions reported are summarised in Table 3.4. 
Note that there is some subjectivity involved in deciding whether any given alloy does 
indeed form a continuous layer of Al2O3, owing to the different practices used in the 
oxidation testing and the details reported; however one can see that some correlation, with 
the alloys which perform adequately tending to lie below the calculated line, and those not 
performing well above it.  
In fact, it has been found that the use of eq.3.17 (not eq.3.15) provides good predictive 
capability, i.e. when the calculations for Val
t
eff are carried out with the atomic compositions 
of the ! phase c
i
! rather than the mean compositions c
i
; Fig.3.10c and Fig.3.10d are the 
diagrams calculated in this way from eq.3.17.  On Fig.3.10a and Fig.3.10b from eq.3.15, 
some results for the alloys forming continuous Al2O3 scales (points plotted with solid black 
circles) and discontinuous Al2O3-forming alloys (white circles) overlap.  This means the 
result of eq.3.15 failed to predict the formation of Al2O3 layer.  On the other hand, one 
can see from Fig.3.10c and Fig.3.10d that on the whole the black and white symbols are 
now well separated with each line passing through the point corresponding to SCA425+ 
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separating the two distinct behaviours. In Fig.3.10c and Fig.3.10d, for example, IN738LC 
lies above the critical isocontour at both 900ºC and 1000ºC, consistent with the 
micrographs reported in [108, 111].  Additionally, CMSX-4, Rene’N5 and PWA1484 lie 
below the critical isocontour, consistent with these alloys forming an Al2O3 layer at both 
900ºC and 1000ºC, and in agreement with the literature [3, 108, 109, 111]. The sole 
discrepancy found concerns the result for the TMS-75 alloy exposed at 900ºC for 100 
hours [109], and reasons for this might be as follows.  It is known that in the early 
(transient) stages of oxidation – before the steady-state is reached – a continuous layer of 
Al2O3 might not yet have become established.  Furthermore, our attention has been 
restricted to the formation of n-type Al2O3, so that the cations are assumed to move more 
slowly than the anions.  This is not necessarily the case for the transient theta-Al2O3 which 
can form in these systems at early stages [22] .  The impurities effect (described with 
Val
t
eff ) will be opposite when the semiconductivity changes from n-type to p-type; thus in 
order to avoid the risk of p-type Al2O3 in the alloy design, it  is also suggested that to 
adhere to: Val
t
eff  ' -0.6710 (900ºC) and Val
t
eff  ' -0.6439 (1000ºC).  To sum up, it can be 
concluded that using the atomic composition of the ! phase for the calculation of the 
effective valance Val
t
eff  provides the better predictive capability. This is consistent with the 
Al2O3 forming on nickel-base superalloys in contact with the ! phase (in the so-called !’ 
depletion zone), so that the local equilibrium Al2O3/! should be considered rather than the 
Al2O3/(!/!’) one [112].
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Fig.3.10 Oxidation diagrams for SCA425+, on which the calculated Gibbs free energy 
for Al2O3 formation is plotted against the total effective valence for the Al2O3 scale. In 
(a) & (c) the calculations are carried out at 900ºC, and in (b) & (d) at 1000ºC. The total 
effective valence is calculated with c
i
 in (a) & (b) and with c
i
!
 in (c) & (d). Data on 
the diagrams are taken from this study and also those reported in [3, 107-111].  Note 
failure of Al2O3 layer prediction in (a) & (b); on the contrary, good agreement on the 
diagrams (c) & (d) which make use of c
i
!
 for the calculation of the total effective 
valence.
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Table 3.4 Exposure conditions of superalloys in the literatures [3, 107-111,  113], and the 
Al2O3 morphologies observed in these studies.  
Exposure 
temperature
(ºC)
Exposure
time
(h)
Continuous
Al2O3? Ref Note
IN738LC 900 2520 No [108, 111] Cyclic
1000 500 No [108] Cyclic
Astroloy 1000 100 Yes [110] Isothermal
Waspaloy 1000 100 No [110] Isothermal
U720 1000 100 No [110] Isothermal
CM186 900 3200 Yes [108, 111] Cyclic
MarM247 1000 2500 Yes [108] PH2O=0.3 atm
CMSX-4 900 100 Yes [109] Isothermal
1000 1000 Yes [107] Isothermal
Rene’N5 900 3200 Yes [108] Cyclic
1000 2500 Yes [108, 111] Cyclic
PWA1484 900
100
3200
Yes
Yes
[109]
[108]
Isothermal
Cyclic
1000 2500 Yes [108] Cyclic
CMSX-10
900 100 No [3, 109, 113] Isothermal
1000 100 Yes, but
# -> Al2O3
[3, 113] Isothermal
TMS-75 900 100 No [109] Isothermal
TMS-138A 900 100 No [109] Isothermal
TMS-173 900 100 No [109] Isothermal
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3.5.2 On the Use of  Oxidation Diagrams for Alloy Design 
The model can be used to estimate the sensitivity of alumina scale formation to the 
chemical composition of any given superalloy in the following way. For example, starting 
with the baseline composition of SCA425+ consistent with the emphasis of this work, 
calculations for !Gf and Valt
eff  can be made by systematically altering the mean chemical 
composition by 1at.% for each of the important alloying additions. The results can be 
depicted on the oxidation diagrams, with vectors identifying the changes in position of the 
alloy with respect to the critical isocontour for continuous Al2O3 formation.  The 
calculated results are as follows, see Fig.3.11. First of all, as expected, additions of Al, Si, 
Cr are predicted to be beneficial with regard to Al2O3 formation; on the other hand, 
additions of W, Ta, Nb, Ru, Ti and Mo are detrimental.  One can see from Fig.3.11 that 
either the addition of Al or removal of W or Ta is the best prescription for improving the 
oxidation resistance of SCA425+.  Removal of W or Ta has a positive effect since the 
value of Val
t
eff  is decreased; this contrasts with effect of Al addition which is via a decrease 
in !Gf . The oxidation diagrams allow these two competing effects to be quantified. Other 
suggestions arising from these quantitative calculations include (i) replacement of W and/
or Mo with Re; and (ii) substitution of Ni by Co. Note however that Co additions are 
reported to deteriorate Al2O3/metal bonding toughness [114].  Interestingly, the predicted 
influence of Si is only slight.  As our experimental result in Fig.3.1 revealed that 0.25Si 
addition has the most beneficial for the oxidation, this calculation/experiment gap is likely 
to imply the additional beneficial effects of Si on the nucleation of Al2O3 formation [115], 
and this should be investigated furthermore, see chapter 4.  
Chapter 3. On the Oxidation of  Nickel-Based Single Crystal Superalloys
85
Fig.3.11 Oxidation diagrams for SCA425+ at (a) 900ºC and (b) 1000ºC. The composition 
of SCA425+ is plotted as a cross; the critical isocontour passes through it. The black 
area is calculated by increasing the composition of SCA425+ by 1at% for each of its 
alloying elements; the red area by decreasing the composition by 1at%. Note that total 
effective valence is calculated with c
i
!
.
Finally, it should be pointed out that the calculations can be carried out for other single 
crystal superalloy compositions.  Oxidation diagrams for the two common second 
generation SX superalloys PWA1484 and CMSX-4 are given in Fig.3.12 and Fig.3.13 
respectively.  One can see from Fig.3.12 that either the addition of Si or the addition of Re 
is predicted to improve the formation of Al2O3 on PWA1484.  Our predictions for 
CMSX-4 indicate that the addition of Si is likely to be highly beneficial, see Fig.3.13. 
Obviously, the oxidation diagram concept contains many inherent assumptions and 
without doubt could be further improved upon, but we believe that it  is a powerful way to 
link the alloy composition and oxidation performance.  It has been used already to aid in 
the design of  new alloys. 
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Fig.3.12 The effect of altering alloying element concentrations on the oxidation 
diagram of PWA1484: (a) 900ºC and (b) 1000ºC. Note that total effective valence is 
calculated with c
i
!
.
Fig3.13 The effect of altering alloying element concentrations on the oxidation 
diagram of CMSX-4: (a) 900ºC and (b) 1000ºC. Note that total effective valence is 
calculated with c
i
!
.
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3.6 Summary and Conclusions
The following conclusions can be drawn from this work:
(1) The SCA425+ single crystal superalloy is an alumina-former but only marginally so; 
higher oxidation temperatures and additions of Si promote the formation of a 
continuous layer of  alumina. 
(2) The appearance of the different oxide species in the scale formed on SCA425+ (i.e. 
Al2O3 $> Ta2O5/NiTa2O6$> Cr2O3 as one moves outward to the scale surface) is 
consistent with thermodynamic predictions and Ellingham diagram considerations. 
(3) The use of an effective valance index denoted Val
t
eff is proposed, which is dependent 
upon the impurities inherited during alumina formation. 
(4) The composition of the ! phase in these materials – and thus the elemental 
partitioning occurring – appears to play a crucial role in the formation of  Al2O3.
(5) When estimates are made for Val
t
eff and the thermodynamic driving force !Gf  for 
the formation of Al2O3, the concept of an oxidation diagram can be used to predict 
whether any given alloy is likely to be an &-Al2O3 former.
(6) It is demonstrated that the procedures are useful for the ranking of prototype single 
crystal superalloys, via alloys-by-design approaches. 
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Chapter 4. 
Characterisation of  Oxide 
Scale Formation on a New 
Single Crystal Superalloy 
for Power Generation 
Applications
4.1 Introduction
The oxidation behaviour of nickel-based superalloys is complicated by the number of 
alloying additions which are present – Al, Ti, Cr, W, Mo, Ta amongst others – so that a 
number of different oxide phases [8, 95, 116] are usually present in the scale.  Only rarely 
do the scale growth kinetics conform exactly to the parabolic law, so that for many alloys 
the rate-controlling steps are likely to alter as the reaction proceeds.  Generally, the 
alumina-forming superalloys exhibit excellent resistance to oxidation [14, 102, 106], and the 
composition of many alloys is chosen so that alumina scale formation occurs.  Others are 
designed to form a chromia scale [13, 14] which can be beneficial when a corrosive 
environment is prevalent. 
In this chapter, the oxidation behaviour of a prototype single crystal superalloy suitable for 
power generation applications is studied.  Traditionally, such alloys have been designed for 
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use in aeroengines.  However, new alloys of the type studied here are needed for industrial 
gas turbines, which operate in harsh environments particularly in the oil/gas and nuclear 
sectors [3].  The new alloy, known as SCA425+, has substantial Cr content and it is likely 
that its resistance to environmental degradation is superior to other alloys of comparable 
creep and fatigue strength [29, 117, 118].  But some important questions concerning the 
oxidation behaviour remain to be answered.  For example, how is the phase evolution 
during the early stage of oxidation, before the steady-state is attained?   What is the role of 
minor alloying additions such as Si?  Application of high resolution analytical techniques is 
needed to address these outstanding issues.   
Here, atom probe tomography (APT) and transmission electron microscopy (TEM) are 
used to study the formation of oxide scale in this alloy under conditions relevant to engine 
operating conditions.  The APT method in particular has yet to be widely applied to the 
characterization of oxide scales in these materials and is likely to provide information 
complementary to that gleaned from TEM studies.  We consider particularly the role played 
by Si [82-85] which has been added in small quantities to the alloy studied to determine 
whether scale formation and retention is improved.
In order to place the present work in context, one should consider the rationale used for 
the design of the SCA425+ alloy.  Use was made of the concept of an oxidation diagram, 
built via analysis of thermodynamic and kinetic factors which govern alumina formation 
[119], see Figure 4.1.  The composition of any given alloy is plotted as a point on the 
diagram, as determined by (i) the thermodynamic driving force for the alumina formation 
[8, 9, 11] and (ii) a kinetic parameter which captures the influence of impurities in the 
alumina scale [105] inherited from the superalloy substrate.  Alloys which readily form 
alumina scales lie towards the bottom left of the diagram; those for which alumina scale 
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formation is more sluggish lie at the top right.  Figure 4.2 illustrates results for the cyclic 
oxidation resistance of SCA425+ at 900ºC, for cycle time of 65 hr.  One can see that the 
new alloy SCA425+ shows excellent resistance to cyclic oxidation.
Fig.4.1  Oxidation diagram for SCA425+, on which the calculated Gibbs free energy for 
Al2O3 formation is plotted against the total effective valence for the Al2O3 scale [119].
Fig.4.2 Comparison of cyclic oxidation resistance of SCA425+ with other alloys, at 
900ºC and with cycle time of 65 hours. All experimental data were obtained in this 
study.
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4.2 Experimental Details
The chemical composition of SCA425+ used in the present work is given in Table 4.1. 
Variants with 0 wt.%, 0.25 wt.% and 0.5 wt.% Si addition were studied.  Single crystal 
testpieces in the form of 15 mm cylindrical bars were prepared in an industrial-scale 
investment casting furnace at the University of Birmingham, and then solution heat treated 
at 1260ºC for 1 hr, 1280ºC for 5 hour, followed by air cooling.  The first and second ageing 
treatment used was 1120ºC for 24 hr and 850ºC for 20 hours respectively, followed by air 
cooling.  
Table 4.1 Nominal compositions (wt.%, Ni-bal) of  superalloys investigated.
Co Cr Mo W Al Ta Hf Si
SCA425+ 5.0 15.5 1.0 4.0 4.55 8.0 0.1 -
SCA425+0.25Si 5.0 15.5 1.0 4.0 4.55 8.0 0.1 0.25
SCA425+0.5Si 5.0 15.5 1.0 4.0 4.55 8.0 0.1 0.5
For thermogravimetric analysis (TGA), samples of 1 cm ! 2 cm ! 0.5 mm were prepared 
by standard grinding/polishing procedures [119] and thoroughly cleaned in an ultrasonic 
bath of ethanol prior to testing in a balance calibrated to better than ± 50 *g.  To 
supplement the TGA analysis, 2 mm thick discs were taken from the heat treated material, 
polished, placed in an alumina boat and exposed isothermally at temperatures between 900 
and 1000 ºC for various periods of time.  The oxidized samples were subjected to X-ray 
diffraction (XRD) analysis using a standard diffractometer utilizing Cu K% radiation. 
Electron microscopy study was carried out in two ways.  Firstly, cross-sections were 
analysed using back-scattered electron (BSE) imaging in a field emission gunned scanning 
electron microscope (FEG-SEM) equipped with energy dispersive X-ray spectroscopy 
(EDX).  Secondly, transmission electron microscopy (TEM) foils were prepared on an FEI 
Quanta 3D-FEG FIB/SEM to a thickness of approximately 150 nm; they were then 
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cleaned with a 5 keV Ga ion beam of 48 pA. The samples were subsequently analysed on 
an FEI Tecnai F20 microscope using an Oxford Instruments X-max silicon drift detector. 
Because the energy peaks from Ta and Si lie close to each other, FEG-SEM and STEM 
cannot in practice distinguish between these two elements; thus, atom probe tomography 
was necessary.
Atom-probe tomography specimens containing the oxide scale were prepared from the 
alloy oxidized for 3 hrs using a standard focused ion beam milling lift-out approach [120]. 
While cooled to 50K, the specimens were analyzed using a LEAP 4000HR microscope 
operated in laser pulsing mode using UV wavelength, a  pulse energy of 60 pJ, and a 
pulsing rate of  100kHz.%
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4.3 Results
Fig.4.3 illustrates the weight changes observed in the three SCA425+ alloys at 950ºC. 
Significant beneficial effect of silicon is observed.  Alloying with 0.25wt.% Si gave the best 
oxidation resistance; further silicon addition from +0.25 to +0.5 wt.% increased the 
stabilized parabolic oxidation rate from 1.09!10-14 to 1.39!10-13  g2 cm-4 sec-1.  Fig.4.4 
illustrates the cross-sections of oxide formed on the dendrite core regions of the three 
SCA425+ alloys after exposure at 950ºC for 100 hours.  The black regions in the right hand 
sketches represent alumina scales.  It is noted that alumina formed on all alloys, however, 
the silicon-free alloy does not form a continuous alumina layer.  On the other hand, doping 
with silicon promotes the formation of a continuous layer of alumina (see Fig.4.4b and 
4.4c).
 
Cross-sections of oxide scales formed at 950ºC after 0.1 hour are shown in Fig.4.5.  One 
can see that a continuous oxide scale has already formed after 0.1 hour.  This is consistent 
with the EDX mapping (see Fig.4.6a) which shows an outer layer of chromia with a 
continuous film of alumina beneath it, at this short time.  Chromia is solely detected by 
XRD, see Fig.4.7a.  Notable is the absence of any nickel oxide or spinel phases reported in 
the classical papers of Pettit and co-workers on ternary Ni-Al-Cr alloys [13, 14].  Analysis 
of our images and in particular the location of fiducial marks inherited from specimen 
polishing would suggest that both chromia and alumina at this stage are outward growing 
(see Fig.4.6a).   After exposure to 3 hours, alumina has started to form internally in a 
finger-like morphology, see Fig.4.6b.  Also, alpha-Al2O3 and chromia are detected by XRD, 
see Fig..4.7b.  Furthermore, APT analysis (Fig. 4.8) indicates the presence of at least 2 
different oxide phases. The Cr-rich oxide phase has a measured composition of 
58.1%O-41.1Cr-0.7Al-0.1Si, which is consistent with Cr2O3. The measured composition of 
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the Al-rich phase is 53.0%O-44.3Al-1.1Cr-0.6Si-1Ta, suggesting a possible oxygen 
deficiency for Al2O3. 
STEM was also used to analyse for any possible presence of SiO2, since a thin amorphous 
SiO2 layer (~40 nm) at the metal/oxide interface has been reported to decrease the 
oxidation rate [121, 122].  Such a continuous SiO2 layer has not been observed in the 
SCA425+0.25Si, see Fig.4.6b.  However, atom probe analysis revealed the presence of Si 
and Ta within the Al2O3 formed after 3 hours of oxidation, see Fig.4.8.  Si and Ta were 
found clustered together in the range 15 to 70 nm from the metal/oxide interface.  This 
clustering effect is discussed further in the following section.
Fig.4.3 Weight changes observed by thermal gravimetric analysis in SCA425+ with and 
without Si,  during exposure at 950ºC.
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Fig.4.4 SEM micrographs of (a) SCA425+, (b) +0.25wt.%Si and (c) +0.5wt.%Si 
exposed at 950ºC for 100 hours, respectively.  Note that with increasing silicon alloying, 
there is a tendency to form a more continuous Al2O3 scale.
Fig.4.5 FEG-SEM micrographs of  SCA425+0.25Si exposed at 950ºC for 0.1 hour.
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Fig.4.6 STEM-EDX chemical mapping of SCA425+0.25Si exposed at 950ºC for (a) 0.1 
hour and (b) 3 hours, respectively.
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Fig.4.7 X-ray diffraction patterns of oxide formed on SCA425+0.25Si after exposure at 
950ºC for (a) 0.1 hour and (b) 3 hours, respectively.
Fig.4.8 Atom probe mapping result on SCA425+0.25Si exposed at 950ºC for 3 hours. 
Al, Cr, Si and Ta in Cr2O3 and Al2O3/matrix interface are shown. 
a
b
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4.4 Discussion and Analysis
4.4.1 Oxidation Kinetics with and without Silicon
Our results indicate that oxidation of this high-Cr nickel-based superalloy is not governed 
by a simple parabolic thickening law. Thus the parabolic thickening constant varies with 
time, and to aid in our analysis values can be estimated from our raw  data.  Fig.4.9 
summarises the variation of instantaneous parabolic oxidation constant kp measured for 
SCA425+ with and without Si.  Also shown are values of kp representative of NiO, Cr2O3 
and %-Al2O3 which form on different Ni-based systems, taken from the literature [100]. 
One can see that in SCA425+ the early stage of oxidation rate corresponds to that of 
Cr2O3 or perhaps NiO, rather than %-Al2O3.  This implies that %-Al2O3 is unlikely to be 
rate-controlling at the beginning of the reaction.  The formation of well-defined layers of 
Al2O3 and Cr2O3 is thought to be a consequence of the gradient in oxygen partial pressure 
set up, rather than an effect of any miscibility gap in the Al2O3-Cr2O3 system [123].  One 
can also see from Fig.4.9 that the parabolic oxidation rate at 950ºC or above on Si-
containing alloys decreases within a very short period of time.  Fig.4.10 shows a time-
temperature-transformation (TTT) diagram for the time for the parabolic thickening 
constant kp to be lowered to the value representative of %-Al2O3 formation. The critical kp 
values at different temperatures were obtained from the literature [100], and the critical 
times were interpolated from the Arrhenius plots of Fig.4.9.  One can see from Fig.4.10 
that the addition of Si decreases the transformation time to reach kp values representative 
of  %-Al2O3 by an order of  magnitude.  
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Fig.4.9 Comparison of the parabolic oxidation constants kp of SCA425+ between 900ºC 
and 1000ºC, with the kp of pure oxides from the literature [100]: (a) SCA425+, (b) 
SCA425+0.25Si and (c) SCA425+0.5Si.
Fig.4.10 TTT diagram for the parabolic thickening constant to be lowered to the value 
representative of alumina formation.  At the point X, an outward growing transition 
alumina is already formed.
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4.4.2 General Transport Mechanism in Alumina
Before considering the effect of Si on the formation of alumina, one should consider first 
the mechanisms of transport which are recognised for alumina. The mechanism in %-
Al2O3 is known to depend upon the partial pressure of oxygen, it being an n-type 
conductor for partial pressures < 10-5 atm [12]. At partial pressures this low, inward 
diffusion of oxygen ions is thus rate-controlling; for example Rybicki et al confirmed that 
inward oxygen ion transport via grain boundary diffusion occurs in %-Al2O3 scales with a 
columnar morphology [17].  However, Al2O3 is also known to exist in metastable !- and $-
forms which can transform later to %-Al2O3 [15-17, 20, 22].  In general, parabolic oxidation 
rates kp of these different Al2O3 polymorphs are in the order ! " $ >> % [15]; thus, %-
Al2O3 shows superior oxidation resistance.  It has been concluded that $-Al2O3 grows 
primarily by the outward transport of Al [22, 124].  In this study, formation of alumina is 
already observed in the alloy containing 0.25 wt.% Si alloy after 0.1 hour exposure at 
950ºC, before the kp reaches a level representative of %-Al2O3.  This, together with our 
TEM observations, suggests that metastable alumina is forming in the early stages of 
oxidation. 
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4.4.3 Oxidation Diagram Theory for Silicon Addition
To attempt a first rationalisation of the beneficial effect of silicon, consider first the 
oxidation diagram concept proposed in [119].  The parabolic oxidation constant kt is 
expected to be of  the form 
kt ! zi " zAl( )ci
#
n= i
$ %&Gf                                (4.1)   
where "Gf is the Gibbs free energy of formation of Al2O3 [8, 9], and zi is the effective 
valence of element i's ion, zAl is the valence of Al ion, and ci! is the atomic fraction of 
element i in the matrix ! phase at the oxidation temperature. Note that the matrix 
compositions are employed due to the formation of alumina in a region depleted of !’, see 
Fig.4.4. The summation term in equation 4.1 is referred to as the total effective valence, 
Valteff.  Fig.4.1 illustrates the oxidation diagram with "Gf and Valteff plotted for various 
alloys.  Alloys which form Al2O3 readily lie towards the bottom left of the diagrams (large 
negative "Gf and Valteff).   Considering SCA425+, one can see from Fig.4.1 that the 
addition of silicon is predicted to lie on the same isocontour line, so that Si is predicted to 
have – inconsistent with experience – no effect on the oxidation of SCA425+.  Clearly, the 
theory of  [119] fails to explain the beneficial effect of  Si. 
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Nonetheless, our results confirm a beneficial effect of Si on alumina scale formation, and 
thus another explanation needs to be identified.  We have detected clustering of both Si 
and Ta within the alumina formed at the early stage of growth after 3 hours, close to the 
scale/metal interface, see Fig.4.8.  Segregation of Ta to the grain boundaries in Al2O3 is 
well known to occur [106]; since Si and Ta have been detected in close proximity, it seems 
possible that the Si clustering found here is associated with grain boundary segregation, see 
Fig.4.8.  
A number of effects might then be occurring. First, Si might play in role in altering the 
oxidation rate via an effect on the rate of transformation of metastable alumina to its stable 
%-Al2O3 form. Additions of SiO2 to %-Al2O3 have in fact been suggested to decrease the 
metastable -> stable Al2O3 transformation temperature, by increasing the number of 
nucleation sites for transformation [125]. Alternatively, Si may play a role in hindering the 
inward growth of %-Al2O3 during the process of internal oxidation, via an effect on the 
rate of migration of oxide ions towards the metal.  A significant amount of further 
experimental work is needed to identify more clearly the role played by Si.
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4.5 Conclusions
The following conclusions can be drawn from this work:
(1) A  continuous alumina scale forms on the superalloy SCA425+ during oxidation at 
950ºC when it is alloyed with silicon; in the absence of silicon, internal oxidation is 
more prevalent. 
(2) The optimum level of Si doping is about 0.25wt%; at a greater concentration, the 
oxidation resistance is impaired. 
(3) STEM-EDX analysis indicated that an out-growing alumina scale formed in 
association with chromia in the early stages of  oxidation. 
(4) No continuous SiO2 layer was detected in the oxide scale using STEM-EDX analysis.
(5) Atom probe tomography indicates that Si is present as clusters in the alumina; these 
may be associated with alumina grain boundaries. Further work is needed to confirm 
this.
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Chapter 5. 
On the Mechanical 
Behaviour of  a New Single 
Crystal Superalloy for 
Industrial Gas Turbine 
Applications
5.1 Introduction
New nickel-based superalloys [1,2] are needed for hot section components – e.g. turbine 
blades and guide vanes – in the next-generation gas turbine engines required for power 
generation applications.  Significant demands will be placed on these materials.  For 
instance, excellent resistance to environmental attack is required, since the operating 
conditions and fuels used for these applications induce oxidation and corrosion; thus the 
superalloys used will be distinct from those currently employed for aeroengine applications. 
Moreover, they must withstand the large mechanical loads necessary for efficient extraction 
of mechanical energy from the hot gas stream.  Hence creep [5, 31] and fatigue [62, 126] 
must be resisted.  Recently, a new grade of single crystal superalloy has been developed for 
such applications, which displays a good balance of environmental and mechanical 
properties [119, 127].  Its Cr content (at 15 wt%) is substantially greater than for existing 
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single crystal superalloys, which improves significantly the resistance to oxidation and 
corrosion [128]. 
This work is concerned with the mechanical performance of this new single crystal 
superalloy.  In common with most precipitation-hardened systems, the properties displayed 
will depend in a sensitive fashion upon the microstructure developed during heat 
treatment; for this class of material, hardening is by the gamma prime (!’) phase and thus 
conditioning of the microstructure at temperatures in and around the !’ solvus is expected 
to influence the mechanical properties displayed.  Two distinct forms of mechanical 
response are studied as a function of the heat treatment applied.  First, creep deformation 
which is important due to the centrifugal loading experienced by the turbine blades in the 
engine [5, 31].  Second, thermomechanical fatigue (TMF) which is relevant particularly for 
smaller (aeroderivative) industrial gas turbines (IGTs) on account of the interaction of 
thermal and mechanical strains arising from engine start up/cool down [51, 58].  As 
mission requirements become more demanding, it is becoming apparent that the 
performance of the material under TMF conditions can be life-limiting; however, 
historically very much more attention has been paid to the provision of creep resistance 
[3].   Probably this is due to the significant extra difficulty imposed by the constraints of 
TMF testing, but nonetheless this situation needs to be corrected.  Here, it is demonstrated 
that significant differences exist between the underlying micromechanisms of creep and 
TMF in these materials.  This situation has ramifications for the performance of these 
materials under service loading conditions. 
Fig.5.1 illustrates the difficulty which has traditionally been faced by the designers of 
industrial gas turbines (IGTs).  Existing of-the-shelf superalloys fall into one of two 
distinct classes: (a) those of high Al/Cr ratio, which exhibit good creep resistance but only 
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moderate corrosion resistance, due to their limited Cr content – examples are CMSX-4 and 
Rene’N5 which are used for aeroengine applications, and (b) those of lower Al/Cr ratio 
which have better corrosion resistance but only moderate high temperature strength – 
these tend to be polycrystalline alloys such as IN792.  As Fig.5.1 indicates, a target design 
space exists for new corrosion-resistant IGT alloys of balanced Al and Cr contents.  Also 
shown are isocontours of constant !’ fraction but of varying Ta/Al ratios which were used 
in the alloy design process for the new  single crystal superalloy, denoted SCA425+.  The 
higher Ta content is expected to improve the high temperature strength but also to 
improve its castability.  The new alloy has been shown to exhibit excellent resistance to 
environmental degradation [119]; the purpose of the present work is to study its 
mechanical performance. 
Fig.5.1 Illustration of the locations of common nickel-based superalloys on a plot of Cr 
and Al contents, illustrating the location of the new SCA425+ alloy and the target 
design space.
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5.2 Results
5.2.1 Characterisation of  Solvus Temperature and !’ Approach 
Curve 
Optical micrographs of as-cast SCA425+ exposed at 1260ºC, 1280ºC, 1300ºC and 1320ºC 
for 2 hours are given in Fig.5.2.  Note that the casting direction is vertical so that the 
difference in contrast is due to the scale of the dendritic structure inherited from casting; 
the microporosity resides in the interdendritic regions.  Fig.5.2 indicates that exposure at 
1320ºC caused incipient melting, but lower temperatures (Fig.5.2a, 5.2b and 5.2c) did not. 
Therefore, the solution treatment chosen for SCA425+ was: 1280ºC 1 hour -> 1300ºC 5 
hours, followed by air-cooling.  This was consistent with the results of the DSC calorimetry 
which indicated that the solidus temperature is 1318ºC, the liquidus 1364ºC and the solvus 
temperature 1196ºC, see Table 5.1.  
Fig.5.2 Low magnification optical micrographs of solution treated SCA425+ exposed at 
(a) 1260ºC, (b) 1280ºC, (c) 1300ºC and (d) 1320ºC for 2 hours, respectively. Note in (d) 
the incipient melting at the interdendritic regions.
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Table 5.1. The liquidus, solidus and solvus temperatures of the SCA425+ alloy 
measured by DSC and calculated using the Thermocalc software [104]. 
Liquidus (ºC) Solidus (ºC) Solvus (ºC)
Experiment
(DSC) 1364 1318 1196
Calculation
(Thermocalc) 1360.62 1315.88 1173.22
These estimates are consistent with those made using Thermo-calc and a thermodynamic 
databank [104].  Fig.5.3 illustrates how the volume fraction of the !’ phase varies with 
respect to temperature – this may be termed the !’ approach curve.  Plotted are the data 
from the neutron diffractometry (i.e. S(100)/S(200)), but also data deduced from the DSC (at 
1200ºC) and the metallography (at 850ºC).  The DSC result indicates that the volume 
fraction of !’ in SCA425+ alloy reduces to zero at 1196ºC, the solvus temperature. The !’ 
approach curve aids in the design of the primary heat treatment schedules, see section 
5.2.2.  Neutron diffraction analysis confirmed the lattice misfit, see Fig.5.4: slightly 
negative, yet small; this should aid in the retention of  mechanical properties during service.
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Fig.5.3 Variation of the fraction of the %’ phase for SCA425+ with respect to 
temperature.  Note that the dotted line represents the result from Thermo-Calc with 
Ni-database ver.6 [104].
Fig.5.4 The lattice parameters of the % and %’  phases and the associated lattice misfit 
in SCA425+ analysed by in-situ neutron diffraction in this study. Experimental data 
were obtained at 800ºC, 900ºC and 1000ºC.  Note that the first ageing condition was 
1100ºC for 4 hours.
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5.2.2 Optimisation of  Heat Treatment and Gamma Prime 
Microstructure 
The effect of temperature and time on the !’ microstructure developed during primary 
ageing has been studied, since these need to be chosen carefully for optimised mechanical 
properties [129].  Fig.5.5 shows micrographs of fully heat-treated SCA425+ with different 
first ageing conditions. 
Fig.5.5 Scanning electron micrographs of fully heat-treated SCA425+ with different 
first ageing conditions: (a) 1160ºC 4 hours, (b) 1120ºC 4 hours, (c) 1120ºC 8 hours, (d) 
1120ºC 24 hours, (e) 1100ºC 4 hours, (f) 1100ºC 8 hours, (g) 1100ºC 24 hours, (h) 1100ºC 
48 hours, (i) 1080ºC 4 hours, (j) 1080ºC 8 hours and (k) 1080ºC 24 hours, respectively. 
Note that solution treatments, second ageing conditions and cooling conditions are 
the same in all cases.
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The primary !’ particles coarsen with increasing temperature and time, consistent with well 
established theory [64, 65].  Moreover, the amount of primary !’ decreases with increasing 
ageing temperature, as this approaches the !’ solvus temperature of 1196ºC.  The !’ 
morphologies of Fig.5.5 were further analyzed using image-processing methods, see Fig.5.6 
and Table 5.2; based upon the LSW theory and associated constant from the literature 
[66-68, 130-132], the coarsening behaviour of Fig.5.5 was as expected. Fig.5.7 illustrates the 
microstructures whose mechanical properties are studied in the latter parts of the work. 
Microstructure 1 in Fig.5.7a exhibits a traditional uniform !/!’ distribution; it was 
developed by ageing at 1100ºC for 6 hours, followed by air- cooling.  Microstructures 2 and 
3 were developed by ageing at 1120ºC for 24 hours and 1160ºC for 4 hours respectively, 
followed by air-cooling.  Microstructures 2 and 3 were developed to be deliberately 
bimodal.  The heat treatment conditions of SCA425+ investigated here are summarised in 
Table 5.3.
Table 5.2. Summary of stereological data for the distribution of the %’ phase after 
different first ageing heat treatments.  Note that the area constants A  below are to 
calibrate the height of each normal distribution (which is commonly number of 
particle N) to number of  particles per unit area (N!"m-2). 
Temp.
(ºC)
Time
(h)
Area constant,
 A
Average diameter 
of  !’ (&m)
Standard 
deviation (&m) R
2
1080 24 0.1511 0.5450 0.1122 0.89
1100
4 0.5085 0.3405 0.0726 0.82
6 0.7107† 0.3944 0.0829 0.82
24 0.1866 0.5708 0.1372 0.88
48 0.1088 0.7171 0.1676 0.92
1120
8 0.2293 0.4892 0.1128 0.86
24 0.0996 0.6635 0.1626 0.90
1160 4 0.1357 0.6075 0.1764 0.91
† different etching condition applied.
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Fig.5.6 Particle size distribution curves after ageing for 4, 24 and 48 hours at 1100ºC.
Fig.5.7 Scanning electron micrographs of SCA425+ with different first ageing 
conditions of (a) 1100ºC 6 hours, (b) 1120ºC 24 hours, and (c) 1160ºC 4 hours, 
respectively. These are denoted (a): Microstructure 1, (b): Microstructure 2, and (c): 
Microstructure 3 in this work.
Table 5.3 Heat treatment conditions used for the SCA425+ superalloy. 
(AC: Air cooling).
Solution treatment First ageing Second ageing
Microstructure1 1280ºC 1hr ->
1300ºC 5hrs AC
1100ºC 6hrs AC 850ºC 
20hrs ACMicrostructure2 1120ºC 24hrs ACMicrostructure3 1160ºC 4hrs AC
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5.2.3 Creep Behaviour 
The creep curves measured for the three distinct heat treatment conditions are given in Fig.
5.8.  It was found that Microstructure 1 (uniform) performed the best for each of the four 
creep conditions chosen.  The associated creep strain rate vs. strain curves are given in Fig.
5.9; with regard to the minimum creep rate exhibited, one finds that (i) this is generally 
lower for Microstructure 1 and (ii) the effect of microstructural condition is greater at the 
lower temperature/higher stress regime.  The creep results are summarised using a Larson-
Miller plot (LMP) in Fig.5.10, using both the time to 1% strain but also the time to rupture. 
Once again, the time to 1% creep falls in the order: Microstructure 1 > Microstructure 2 > 
Microstructure 3.  One can see that, whilst the creep performance falls short of the Re-
containing alloy CMSX-4, the creep rupture performance approaches that of IN792 which 
was one of  the goals of  the SCA425+ alloy development project.  
Fig.5.11 illustrates the microstructure of SCA425+ after creep rupture.  No topologically 
closed packed (TCP) phases were observed, indicating that – despite the significant alloying 
with respect to Cr – the alloy is stable.  No evidence of !’ cutting was observed, and !’ 
rafting was very limited being restricted to Microstructure 1 crept at 850ºC, see Fig.5.12. 
These findings were further confirmed by TEM. Fig.5.13 shows micrographs after creep 
rupture test at (a) 850ºC/275MPa and (b) 750ºC/520MPa for Microstructure 3, 
respectively. At 850ºC/275MPa, no dislocation activity was found within the !’ precipitates, 
see Fig.5.13a.  Very high dislocation density at primary !’/matrix interfaces was observed; 
in other words, dislocations at secondary !’/matrix interface were rather dispersed.  Only at 
the lowest temperature and highest stress condition of 750ºC/520MPa were any single 
dislocations seen within the primary !’.  
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Fig.5.8 Creep strain vs. times curves for SCA425+ at different creep conditions. 
(Left side)
Fig.5.9 Creep strain rate vs. strain curves of  SCA425+ at different creep conditions.
(Right side)
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Fig.5.10 Larson-Miller plots of SCA425+ with three different microstructures for (a) 1% 
creep times and (b) creep rupture times.  For comparison the location of data for the 
IN792 polycrystalline alloy and the CMSX-4 single crystal superalloy are given.
Fig.5.11 Micrographs of SCA425+ after creep rupture testing at 850ºC/275MPa and 
750ºC/520MPa.  Note that all images were obtained at a distance 10 mm away from the 
rupture surface.
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Fig.5.12 SEM micrographs of Microstructure 1 after 850ºC/275MPa. A degree of 
rafting is present.
Fig.5.13 TEM micrographs of SCA425+ (Microstructure 3) after creep rupture testing 
at (a) 850ºC/275MPa and (b)750ºC/520MPa.
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5.2.4 Thermomechanical Fatigue Behaviour
Although the creep performance of the new alloy is somewhat inferior to that of CMSX-4, 
the performance in TMF has been found to approach that of this alloy; this is significant 
and has ramifications for the gas turbine users. In Fig.5.14 the relationship between the 
mechanical strain range used during the OP-TMF tests and the number of cycles to failure 
are given. Also given are data from the literature [55, 60, 133] for CMSX-4 and IN792 
acquired using identical testing methods.  A number of important points emerge. First, 
consistent with its lower elastic modulus along the [001] testing direction, the TMF 
performance of SCA425+ is superior to that of the polycrystalline alloy IN792.  Second, it 
is apparent that the TMF life is influenced by the microstructural state induced by heat 
treatment. In particular, bimodal microstructures are found to be superior to the uniform 
one; Microstructure 2 exhibits the best TMF performance with Microstructure 1 – best in 
creep – displaying the worst.  
Fig.5.14 TMF data for SCA425+, in which the number of cycles to failure is plotted 
against the mechanical strain range employed. Note the superior performance of the 
second microstructural condition.
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Hysteresis loop changes its shape during the early stage of testing, and reaches to the 
equilibrium condition [49] due to the balance between generation/annihilation of 
dislocation (stabilized).  Fig.5.15 illustrates stabilized hysteresis loops at mid-lives for the 
three microstructures, in this case for the mechanical strain range of 0.8%.   Note that the 
minimum stress in the stabilized loops is lowest for Microstructure 3 and greatest for 
Microstructure 1, in agreement with the static creep result which found that Microstructure 
3 creeps the fastest and Microstructure 1 the slowest. This point is discussed further in 
section 5.3.
Fig.5.15 Stabilised hysteresis loop at mid-life for SCA425+ with three different 
microstructures. (M1: Microstructure1, M2: Microstructure2 and M3: Microstructure3)
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Fig.5.16 illustrates the microstructure of SCA425+ after TMF testing. The fracture surface 
had a tendency to lie about 45º from the direction of applied stress. Furthermore, across 
the cross-section, significant numbers of slip-bands [134, 135] were observed with 
subsequent crack propagation occurring along these.  Occasionally, recrystallisation was 
observed along the slip-band as well, see Fig.5.17.  Additionally, there was strong evidence 
within the slip-band, see Fig.5.18, of the !’ rafts (orientated along the stress axis due to the 
compressive stress generated and consistent with the negative misfit determined in section 
5.2.1) being sheared. 
Fig.5.16 Micrographs of SCA425+ after TMF testing: (a) Microstructure 2 with $&mech 
= 0.7%; (b) Microstructure 3 with $&mech = 0.8%.  The stress axis is holizontal direction 
in both cases.
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Fig.5.17 TMF crack propagation along the recrystallised slip-band observed in 
Microstructure 2 with $&mech = 0.7%. Stress axis in vertical direction.
Fig.5.18 Sheared %/%’ observed in Microstructure 2 after TMF testing with $&mech = 
0.7%. Stress axis in vertical direction.
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Finally, Fig.5.19 illustrates TEM micrographs of SCA425+ after TMF testing for 
Microstructure 2.  Necessarily due to the specimen preparation technique employed, the 
TEM specimens were taken somewhat away from the fracture surfaces. No significant 
micro-mechanical deformation was observed, with the dislocation activity being much less 
than in the case of the crept microstructures. These observations suggest that TMF 
damage is more highly localised than for creep, and limited to the proximity of the fracture 
surface.  Also, the secondary !’ has dissolved during TMF testing, see Fig.5.19.
Fig.5.19 TEM micrographs of SCA425+ after TMF testing in Microstructure 2 with 
$&mech = 0.7%.
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5.3 Discussion - On The Damage Mechanisms 
Occurring in TMF
The TMF results presented here are interesting because the damage mechanisms found are 
very different from those reported in the literature so far. Significant research has been 
reported on the TMF of Re-containing single crystal superalloys such as CMSX-4 [55, 136] 
and TMS-82+ [58]; in these papers, the prevalent damage mechanism during TMF is 
mechanical twinning. Instead, in SCA425+ – which does not have the benefit of the 
significant creep resistance of CMSX-4 – the dominant mode of damage is localised slip 
band formation, with associated !’ shearing in these bands.  One should attempt to 
rationalise the factors influencing these differences in the deformation modes.  Generally, it 
is known that the transition from slip to twinning occurs when the localised stress exceeds 
a threshold stress [137]; in this case it can be expected that the gamma prime precipitates 
are penetrated.  Moreover, careful work [58] has revealed that it is the compressive stress 
when the number of accumulated TMF cycles is low which activates the twinning mode; 
our results support this view. In Fig.5.20 the hysteresis loops of the first TMF cycles 
observed in SCA425+ and CMSX-4 [55, 60] are compared, for the mechanical strain range 
of 0.8%. For SCA425+ one can see that the highest stress is ~550MPa; this is compressive 
in nature and occurs at ~860ºC during the heating cycle, i.e. ~40ºC below the maximum 
temperature to which the material is subjected. Note that CMSX-4 (which exhibits 
twinning rather than slip band formation) experiences a larger maximum compressive 
stress at a lower temperature, ~830ºC. Thus, it seems possible that the root cause of slip 
band formation in SCA425+ (and therefore a possible contribution to a TMF resistance 
which almost matches that of CMSX-4) is its rather moderate high temperature 
compressive creep strength.
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Fig.5.20 Hysteresis loop from the first cycle of OP-TMF testing on SCA425+ with 
Microstructure 1 and CMSX-4 with mechanical strain range of 0.8%. Maximum 
compressive stresses of 550MPa (SCA425+) and 625MPa (CMSX-4) are identified at 
~860ºC and ~830ºC respectively.
The influence of different !’ morphologies on TMF performance should also be 
commented upon.  The work here indicates that the resistance to shearing of the primary 
!’ particles is important in determining TMF resistance.  Particle hardening theories [3, 46] 
indicate that the critical resolved shear stress for particle shearing is proportional to ((rf) 
where r is radius of primary !’, and f is the volume fraction of !’, respectively.  This 
enables a contour plot of critical resolved shear stress to be identified on which the 
fraction f of the !’ phase is plotted against its particle radius r, see Fig.5.21.  Provided that 
secondary !’ dissolved during TMF testing, the primary !’ size is solely plotted against the 
total volume fraction at highest temperature during TMF testing (42% at 950ºC).
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Fig.5.21 Isocontour plot for the particle shearing mechanism in SCA425+. Reference 
data of CMSX-4 is also given.  Note that the isocontours of #(rf) are given as solid 
lines.
The highest strength is expected in the top right corner of the diagram when both f and r 
are large. Also plotted are the locations of the Microstructures 1-3 studied here but also the 
values for '(rf) reported for CMSX-4 [104, 138].   Note that '(rf) is higher towards the top 
right of this diagram. One can see that Fig. 4.21 helps to rationalise the superior TMF 
performance of Microstructure 2 and the relatively poorer performance of Microstructure 
1. Therefore it seems likely that the !’ shearing resistance, i.e. '(rf), is a major factor 
influencing TMF resistance.  Providing that the microtwinning mechanism prevalent in 
CMSX-4 can be avoided, this suggests that increasing the primary !’ size is beneficial. 
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Finally, the importance of !’ particle shearing in the mechanism of TMF explains why the 
optimum microstructure condition for creep was not the one that was optimum for TMF. 
At the creep conditions studied here, little or no !’ shearing occurs as confirmed by the 
TEM studies; dislocation activity is restricted to the matrix phase. Under these 
circumstances creep deformation is best limited by a uniform and regular precipitate 
structure [3, 32].  In fact, creep relaxation is occurring during the TMF testing as can be 
seen at the hot-end of the first TMF cycle for Microstructure 1, 2 and 3, see Fig.5.22. One 
can see that Microstructure 1 exhibits superior creep relaxation behaviour at both 
mechanical strain range conditions considered.  The creep relaxation differences are small 
(<50MPa), but the TMF data are consistent with the static creep results which indicate that 
the Microstructure 1 shows slowest creep deformation to 1% creep strain.    
Fig.5.22 Creep relaxation data observed in Microstructure 1, 2 and 3 during the holding 
period in the first cycle of  TMF testing. (a) $&mech=0.7% and (b) $&mech=0.8%.
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5.4 On The Factors Controlling TMF Resistance in 
Single Crystal Superalloys
This work provides important insights into the factors controlling the TMF performance 
of single crystal superalloys, which are not well understood at present. These can be 
summarised as follows.  A first point is that the best performance in TMF and creep do 
not necessarily go hand in hand; thus for resistance to TMF an alloy does not need the very 
best creep resistance. Thus it has been demonstrated that a Re-free alloy (SCA425+) can 
perform just as well in TMF as a Re-containing one (CMSX-4) despite the creep resistance 
being markedly inferior.  
A second point relates to the difference in damage modes which are prevalent. In 
SCA425+, one sees slip bands and then recrystallisation within these bands followed by 
fatigue cracking along them. Some shearing occurs of the rafts of !’, which for out-of-
phase TMF and a negatively misfitting alloy are elongated along the direction of applied 
load. In CMSX-4 on the other hand, deformation is more localised and the micro-twinning 
mode is more prevalent [55, 60]. Recrystallisation and precipitation of topologically close-
packed phases (TCPs) along the twins can occur, and this is again the preferred direction of 
crack propagation. Once again, these differences underline the important influence of alloy 
chemistry on TMF resistance.  
A third point relates to the optimum microstructure for TMF. At least for the SCA425+-
type compositions which are free of Re, optimum TMF resistance is conferred when the 
resistance to !’  shearing is greatest. Consistent with a critical resolved shear stress 
proportional to '(rf) where r is radius of primary !’ and f is the volume fraction of !’ 
respectively, TMF performance is improved at large r and presumably if f is increased, 
Chapter 5. On the Mechanical Behaviour of  a New Single Crystal Superalloy
127
although this last point is not tested here. Whether this is also true for the Re-containing 
alloys which are prone to microtwinning needs to be tested via further experimentation, 
and is the subject of  ongoing research. 
In the case of SCA425+, its suitability for gas turbine applications rests on – in 
conjunction with its superior environmental performance [119, 127] – its rather good TMF 
performance which in turn is conferred by its resistance to precipitate shearing. It has a 
wide solutioning window and can be heat treated readily to yield a microstructure which 
confers the necessary mechanical performance. 
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5.5 Conclusions
The following conclusions can be drawn from this work;
(1) A prototype high Cr-containing nickel-based single crystal superalloy SCA425+ has 
been assessed to determine the factors influencing the mechanical performance in 
creep and out-of-phase (OP) thermomechanical fatigue (TMF).
(2) Neutron diffraction studies confirmed that SCA425+ has a gamma prime fraction of 
approx 42% at 950ºC, increasing to approx 56% at 800ºC.  The lattice misfit is small, 
ranging from -0.09% at 800ºC to -0.20% at 1000ºC.
(3) The TMF response of the new alloy SCA425+ is comparable to that of the commonly 
employed single crystal superalloy CMSX-4; this is despite the fact that the constant 
load (static) creep performance is inferior to it and in fact more broadly consistent with 
the polycrystalline superalloy IN792. 
(4) The factors controlling TMF resistance are distinct from those determining creep; in 
particular for best TMF performance, resistance to dislocation shearing of the gamma 
prime phase is required – consistent with a large flow stress and ultimate tensile 
strength.  On the other hand – at least for low stresses – creep resistance is determined 
by dislocation activity in the gamma matrix phase.
(5) The influence of primary gamma prime size was investigated.  The TMF resistance 
increases with increasing primary gamma prime size; in creep, the finer primary gamma 
prime microstructure gave better performance particularly in the high temperature 
regime due to rafting.
(6) Consistent with the lower elastic moduli, the TMF performance of SCA425+ is 
superior to that of the polycrystalline alloy IN792 when the mechanical strain range is 
considered. The data for the mechanical strain range is sensitive to the microstructual 
state, with the data indicating that a bimodal microstructure with large gamma prime 
particles performs best.
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Chapter 6. 
On the Oxidation 
Behaviour of  Nickel-Based 
Superalloys for High 
Temperature Applications
6.1 Introduction
New grades of single crystal nickel-based superalloy are needed for critical components in 
electricity-generating industrial gas turbines [3, 139].  For such applications, existing alloys – 
most of which are used in aeroengine applications – do not possess sufficient resistance to 
environmental degradation at the temperature of operation [97, 140], which can be as high 
as 1000ºC or beyond.  At these conditions, oxidation is a possibility which should be 
anticipated prior to use of any new alloy in its operating environment.  Ideally, one would 
like to have predictive methods which would allow estimates to be made about the 
anticipated oxidation performance of any new alloy system; unfortunately, this goal has yet 
to be achieved. 
Recently, the authors have studied the oxidation behaviour of a novel single-crystal 
superalloy which possesses significantly greater Cr content than found in existing alloys 
[141].  Processing of it into single crystal form has been successfully demonstrated [119], 
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and the oxidation resistance has been shown to be very good – in fact better than alloys 
such as IN792, IN939 and IN738 which are commonly used for industrial gas applications, 
see Fig.6.1.  The superior oxidation resistance would appear to be due to the scale which 
consists of an outer layer of Cr2O3, and a sub-scale of Al2O3 which lies in contact with 
bare metal.  Minor additions of Si [83] have been found to improve the oxidation 
resistance, if added in the correct quantities, with the Al2O3 sub-scale becoming more 
planar and compact [142]. 
Fig.6.1 Comparison of cyclic oxidation resistance of SCA425+ with other alloys used 
for industrial gas turbine (IGT) applications, at 900ºC and with cycle time of  65 hours.
In rationalising the oxidation performance of the new alloy, the authors have considered in 
quantitative terms (i) the driving force for alumina formation and its dependence on the 
activity of aluminium in the alloy and (ii)  the transport of O2- ions through the alumina, 
and its perturbation caused by uptake of alloying elements from the bare alloy [8, 12]. 
Whilst there exist a number of assumptions which need to be further tested, the model 
developed has been shown already to have some predictive power [119].  One prediction 
from it is that oxidation should be improved by substitution of W by Re [119], which is 
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contradicts existing thinking (e.g. [143]) that Re-containing superalloys (such as third- and 
fourth-generation single crystal superalloys) are necessarily oxidation prone.  Here, we set 
out to test this prediction.
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6.2 Background Theory
Since the arguments which follow relate to the kinetics of alumina formation, it is 
appropriate here to consider accepted oxidation theory and thus Wagner’s model for 
parabolic oxidation [8, 12].  The number of molecules of Al2O3 formed per square cm per 
second is given by eq.1.10 (section 1.3.2).  The parabolic oxidation rate kt (molecules cm-1 
sec-1) can further be estimated by eq.1.11 [12].  In the case of alumina which is an n-type 
conductor (tel " 1, ta >> tc) [20], one has eq.3.7 (section 3.2) [119].  Furthermore, by 
accounting for the so-called impurities effect (also known as Wagner-Hauffe theory [105]), 
eq.3.7 can be re-written as [119] 
(6.1)
where DVeff represents the effective diffusion coefficient of dominant defects, and the 
summation term represents its concentration – sometimes referred to as the total effective 
valence Valteff, see eq.3.17 (section 3.4.2). Note that the effect on the impurities factor of 
grain boundary diffusion [20, 106] or alumina phase transformation [15, 20, 22] are not 
considered, which are major assumptions.  Furthermore, "Gf can be expanded consistent 
with the Van't Hoff isotherm [8] according to eq.1.1 (section 1.1).  Inspired by eq.6.1, the 
concept of an oxidation diagram has been proposed [119] in which the total effective 
valence Valteff and Gibbs free energy "Gf for alumina formation are plotted on the x- and 
y- axes, see Fig.6.2 for an example.  At constant temperature, alloys which form Al2O3 
readily are expected to lie towards the bottom left of it (large negative "Gf, and Valteff), see 
Fig.6.2a.  Isocontours of constant parabolic rate constant can be plotted on the diagram, 
with a critical value distinguishing continuous alumina-forming superalloys (solid symbols) 
and discontinuous alumina-former (open symbols) in Fig.6.2b.  Since any given chemical 
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composition of a superalloy plots to a point on the oxidation diagram, the oxidation 
resistance can be judged in principle from its point relative to the critical isocontour.  This 
idea is used in the present work.   
a b
Fig.6.2 (a) Illustration of the oxidation diagram concept, and (b) oxidation diagrams of 
nickel based superalloys at 900ºC, modified from [119]. Note that continuous alumina 
forming alloys (solid symbol) lie towards the bottom left of the diagram and are 
distinct from and those in which alumina formation is discontinuous. The SCA425+Re 
alloy considered here is predicted to perform better in oxidation.
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6.3 Experimental Details
The nickel-based single crystal superalloy SCA425+ [119, 144] was used as the base alloy. 
SCA425+ contains 4wt.% W to aid creep strengthening [145], but our calculations have 
indicated that W is detrimental to the oxidation resistance.  In this study, 0.65 at.% of the 
total content of W has been substituted by the equivalent quantity of Re – the new alloy 
being denoted SCA425+Re.  According to the oxidation diagram proposed, SCA425+Re 
kinetics of alumina formation are then enhanced, see Fig.6.2. The nominal compositions of 
the two alloys investigated are given in Table 6.1.  
Table 6.1 Nominal compositions (wt.%, Ni-bal) of  superalloys investigated.
Co Cr Mo W Al Ta Hf Re
SCA425+ 5.0 15.5 1.0 4.0 4.55 8.0 0.1 -
SCA425+Re 5.0 15.5 1.0 2.0 4.55 8.0 0.1 2.0
An industrial-scale investment casting facility at the University of Birmingham was used to 
prepare single crystal castings in the form of 15 mm diameter rods of length 150 mm. 
Typically, three rods were cast in each run with a withdrawal speed of ~200 mm per hour; 
the anticipated temperature gradient was 75ºC/cm.  Ceramic moulds were prepared from 
alumina, silica and zircon in the usual way; the final mould thickness was ~6 mm.  The 
casting stock was melted by Ross & Catherall in Sheffield, UK to industry-leading 
standards.  The solution treatment chosen was 1280ºC/5 hours, followed by air-cooling. 
The first and second ageing treatments were 1100°C/6 hours and 850°C/20 hours 
followed by air-cooling, respectively.  Fig.6.3 illustrates the microstructure of fully heat-
treated (a) SCA425+ and (b) SCA425+Re, respectively.  The average primary !’ particles 
size in SCA425+ and SCA425+Re were found to be 0.39 and 0.31 *m, respectively.
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Fig.6.3 Scanning electron micrographs of (a) SCA425+ and (b) SCA425+Re after heat 
treatment.
The oxidation performance of the two alloys was compared in various ways.  For 
thermogravimetric analysis (TGA), 1 cm ! 2 cm ! 0.5 mm specimens were prepared; 
surfaces were polished to 1200 grit and cleaned thoroughly in an ultrasonic bath, before 
analysis in a TGA calibrated to better than ~50 *g.  The temperature of 900ºC was used, 
with tests lasting up to 300 hours.  To supplement the TGA analysis, 2 mm thick discs were 
sliced from the heat-treated castings, polished and cleaned as before, and then placed in an 
Al2O3 boat before being exposed isothermally at 900ºC for 100 hours.   Cross-sections of 
these samples were analyzed using back-scattered electron (BSE) in a field emission gunned 
scanning electron microscope (FEG-SEM) equipped with energy dispersive X-ray 
spectroscopy (EDX).
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6.4 Results
The weight changes measured during isothermal oxidation testing at 900ºC are given in Fig.
6.4.  A first notable point is that the weight gain accumulated by SCA425+ is significantly 
altered by the substitution of W by Re. The observed instantaneous parabolic constants are 
depicted on an Arrhenius plot, together with the values accepted [100] for alumina and 
chromia formation, see Fig.6.5.  It is found that (after an initial rapid transient) the 
parabolic oxidation rate of SCA425+Re decreases to a value representative of that 
expected for Al2O3  (Fig.6.5b); this is not the case for SCA425+ (Fig.6.5a).  The stabilised 
parabolic thickening rate at 900ºC decreased by W -> Re substitution from 4.87!10-13 to 
8.31!10-14 g2 cm-4 sec-1. 
Fig.6.4 Weight change observed in SCA425+ and SCA425+Re during exposure at a 
temperature of  900ºC.
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 a  b
Fig.6.5 Comparison of the instantaneous parabolic oxidation constants kp of (a) 
SCA425+ and (b) SCA425+Re during the exposure at 900ºC, with the kp which are 
typical for chromia and alumina forming alloys [100].
Fig.6.6 illustrates the cross-sections of (a) SCA425+ and (b) SCA425+Re after exposure at 
900ºC for 100 hours, respectively.  Backscatter electron images in the SEM indicate the 
presence of three different oxide species; these are identified as Cr2O3, Ta2O5 (or perhaps 
NiTa2O6) and Al2O3. Internal oxidation is prevalent in both SCA425+ and SCA425+Re, 
see Fig.6.6.  Moreover, higher resolution observations confirm the formation of the sub-
scale alumina on SCA425+ (Fig.6.7a and 6.7b); for SCA425+Re, there is prevalent alumina 
internal oxidation but this phase forms a thin layer which is virtually continuous, beneath 
the external scale, see Fig.6.7c and 6.7d, so that it is on the verge of being protective.  Fig.
6.8 shows the chemical mapping result of SCA425+ exposed at 900ºC for 100 hours; 
likewise, that of SCA425+Re is shown in Fig.6.9.  Re signals were detected within the Ta 
oxide.  To summarise, although further interpretation is required, the microstructural 
observations indicate that substitution of W with the equivalent amount of Re promotes 
the formation of a more planar alumina layer, which is more likely to be protective, 
consistent with the TGA data.    
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Fig.6.6 SEM micrographs of (a) SCA425+ and (b) SCA425+Re exposed at 900ºC for 100 
hours, respectively. In the SCA425+Re alloy, isolated regions without internal alumina 
formation can be found. 
Fig.6.7 FEG-SEM micrographs of (a) SCA425+ and (c) SCA425+Re exposed at 900ºC 
for 100 hours, at dendrite core region.  Note that (b)&(d) are the sketches of (a)&(c), 
respectively. For emphasis, the Al2O3 is shaded black and Cr2O3 gray in (b)&(d).
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Fig.6.8 FEG-SEM chemical map of oxide scale on SCA425+ exposed at 900ºC for 100 
hours.
Fig.6.9 FEG-SEM chemical map of oxide scale SCA425+Re exposed at 900ºC for 100 
hours.
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6.5 Discussion and Analysis
6.5.1 Rationalisation of  the Effect of  W Substitution by Re
Our findings can be rationalised using the oxidation diagram concept.  It can be seen from 
Fig.6.2 that the W -> Re substitution (taking SCA425+ to SCA425+Re) pushes its position 
on the diagram towards alloys such as Rene’N5 and CMSX-4 which are known to exhibit 
excellent oxidation resistance due to their being good alumina formers.  Fig.6.10 shows the 
oxidation diagram with the composition of SCA425+ plotted as the reference.  Note that 
the black area is calculated by increasing the composition of SCA425+ systematically by 
1at.% for each of its alloying elements; the red area by decreasing the composition by 1at.
%.  It can be seen that -1at.% W is highly beneficial for oxidation, and +1at.% Re is 
neutral.  This vector implying the difference in performance indicates that oxidation is 
improved by changes in the total effective valence, Valteff (x-axis), rather than the Gibbs 
free energy of  formation (y-axis). 
Fig.6.10  Oxidation diagram plotted relative to the composition of SCA425+. Note that 
the black area is calculated by increasing the composition of SCA425+ by 1at% for each 
of its alloying elements; the red area by decreasing the composition by 1at%.  Note that 
total effective valence is calculated with the matrix composition.
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The effect of W -> Re substitution on the total effective valence should thus be considered 
in more detail.  The phases WO3 and ReO2 (the most stable oxides of W and Re at 900ºC, 
respectively) have cation valences of 6+ and 4+, respectively; therefore, the substitution of 
W by a equivalent amount of Re results in a decrease of electron concentration within 
alumina, i.e. -2e’, should Re be taken up by it.  However, for electroneutrality reasons [12], 
this must be compensated for by an increase in the concentration of positive defects such 
as electron holes, which exacerbate the growth of the n-type alumina scale (Wagner-Haffe 
theory).  The valences of each element i in the stable i-based oxide are summarised in 
Table 6.2.  The observed effect of  W substitution by Re is consistent with this thinking.
Table 6.2 Valence of cation i in i-based stable oxide at 900ºC and its effective valence in 
mother oxide Al2O3. 
cation valence, zi +2 +3 +4 +5 +6
Stable oxide of  element i 
at 900ºC
NiO
CoO
Al2O3
Cr2O3
MoO2
TiO2
ReO2
RuO2
Ta2O5 WO3
Effective valence in 
Al2O3 (zAl = 3)
-1 0 +1 +2 +3
Oxidation rate for 
n-type Al2O3
(Wagner-Hauffe theory)
<-
faster -
->
slower
->->
slower
->->->
slower
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6.5.2 Prediction of  Parabolic Oxidation Rate 
To build further on our findings, an additional attempt is now made to rationalise our 
observations particularly with respect to the wide range of data which are available in the 
literature.  Quantitative estimates of parabolic rate constants might then be made. One 
needs to be careful with units. After a change to parabolic oxidation rate kp (units now in g2 
cm-4 sec-1) one has
(6.2)
where VmOX is the molar volume of the oxide (g mol-1), NA is the Avogadro constant, Mo is 
the atomic number of oxygen, b is the moles of oxygen in 1 mol of oxide (this can be b " 
zc if stoichiometric), +OX is the density of the oxide and MOX is the molar number of oxide, 
respectively.   Diffusion of dominant defects controls the growth of oxide, so that DVeff " 
DO [12, 146], where DO is the diffusion rate of  the oxide ion. 
Fig.6.11a plots the experimentally-observed parabolic oxidation constants kpexp (g2 cm-4 
sec-1) reported in the literature [7, 109, 119, 147, 148] (x-axis) plotted against the calculated 
oxidation rate kpcalc from eq.6.2 (y-axis). The comparison is made at both 900ºC and 
1000ºC.  One can see from Fig.6.11a that the observed parabolic oxidation rate decreases 
when the kpcalc increases; in other words, there is a negative relationship between these, 
which is somewhat counter-intuitive.  We believe this to be because a large predicted 
parabolic rate of growth of alumina is in fact consistent with low rates of oxidation, due to 
kp
calc =
Vm
OX
NA
!
"#
$
%&
MOb'OX
MOX
!
"#
$
%&
2
kt =
MO
2
b
2'OX
NAMOX
!
"#
$
%&
kt
    (
MO
2
b
2'OX
NAMOX
!
"#
$
%&
)
D
V eff
zc
2
kT
!
"#
$
%&
zi ) zAl( )ci
*
i
+ ,-Gf
    ( )
MO
2'OXDV eff
MOXRT
!
"
#
$
%
& zi ) zAl( )ci
*
i
+ ,-Gf
Chapter 6. On the Oxidation Behaviour of  Nickel-Based Superalloys
143
the possibility (for some alloy compositions) of the faster-growing nickel- and chromia-
oxides.  This point is considered further in the following two sections. 
a b
Fig.6.11 Parabolic oxidation constant of superalloys from literature in x-axis plotted 
against the calculated oxidation rate kp in y-axis at 900ºC and 1000ºC. (b) calculated 
parabolic oxidation constant vs. stabilised parabolic oxidation constant in literature. 
(For 900ºC: CMSX-4 & PWA-1484 [109], SCA425+0.25Si [119], Rene’N5 (909ºC) [7], for 
1000ºC: CMSX-4 [147], DD32 [148], SCA425+ & SCA425+0.25Si [119]).  Note that 
SCA425+Re (this work) are also shown, solid symbols.
By incorporating this relationship for predictive purposes, one can calculate the parabolic 
oxidation rate kp with a linear relationship, according to (for 900ºC): kp = -1059.02 kpcalc + 
6.42!10-13, and (for 1000ºC): kp = -90.61 kpcalc + 3.02!10-13.  It should be noted here that 
the kp calculated in this way will be used as the calculated parabolic oxidation rate in what 
follows. Fig.6.11b compares the calculated kp on the y-axis and against the observed kp 
from the literature [7, 109, 119, 147-149] on the x-axis – good agreement between the 
expression and the experimental data is found.  Our studies have confirmed good 
predictability.  For example, the model can predict the weight gains to within an accuracy of 
±8 *g·cm-2 per unit hour; it is more accurate than one based purely upon regression 
analysis (±130 *g·cm-2 , see [150]). 
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6.5.3 Rationalisation of  the Oxidation Performance of  Nickel-
Based Superalloys
Our ideas can be adapted to rationalise the composition-dependence of the oxidation 
behaviour of the nickel-based superalloys using a rather more powerful type of oxidation 
diagram.  However, as will be seen, the possibility of chromia (rather than alumina) 
formation also needs to be accounted for.  Hence the factors influencing chromia 
formation are now briefly considered.  
The oxidation of pure Cr has been reported to be influenced by the presence of impurities 
[12]; however, the total effective valence theory used for alumina is not considered to be 
necessary for the estimation of driving force of Cr2O3 formation for the following reasons. 
First, the semiconductivity of Cr2O3 is known to be p-type, contrasting with %-Al2O3 
which is n-type. Thus, Cr2O3 growth will occur at the gas/oxide interface, contrasting with 
Al2O3 at the oxide/matrix interface.  Therefore, while Al2O3 growth will be influenced by 
impurities inherited from the superalloy substrate on which it grows, this effect will occur 
to a lesser extent for Cr2O3 growth.  To support this assumption, a recent atom probe 
topography analysis identified that the concentration of impurities within Cr2O3 which 
formed during the early stage of oxidation at 950ºC had no relationship with the matrix 
composition [142].   Therefore, for simplicity any such effect is ignored in this study. 
Instead, we concentrate upon accounting for the Gibbs free energy of formation for 
Cr2O3 alone, determined using
(6.3)
!Gf = !G0 + RT ln
1
a
Cr
4 3 "P
O2
#
$
%
&
'
(
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where "G0 is the standard free energy of oxide formation per 1 mol of oxygen (Cr2O3: 
0.1684T - 752.4631 kJ·mol-1 [103, 119]) and aCr is the activity of Cr in the nickel-based 
superalloy which is subject to oxidation.  The influence of alloy composition therefore 
arises through the activity of  Cr alone. 
The new oxidation diagram is plotted in Fig.6.12. The temperature is taken to be 900ºC. 
The calculated parabolic oxidation rate kp is plotted on the x-axis and Gibbs free energy of 
formation of Cr2O3 on the y-axis.  On the diagram, the locations of a large number of 
commercially available nickel-based superalloys are plotted. To aid in the interpretation, a kp 
level representative of Al2O3-controlled kinetics is also marked by a dotted line parallel to 
the y-axis.  Since it has been reported [148] that the 3rd generation nickel-based superalloy 
DD32 is an alumina former at 900ºC, a critical Gibbs free energy of Cr2O3 of ~459 kJ 
mol-1 is also plotted for delineation purposes.  Some very interesting trends emerge.  First 
(exemplar CMSX-3), second (exemplar Rene’N5), third (exemplar TMS-75) and fourth 
(exemplar TMS-138A) generation alloys lie towards the bottom right, middle-left, top-left 
and top-middle, respectively.  Fig.6.13 is a schematic interpretation of Fig.6.12.  Since the 
new oxidation diagram can identify protective Al2O3 forming alloys for any given 
chemistry, the new diagram is again useful for alloy design purposes.  This is expanded 
upon further in section 6.5.4. 
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Fig.6.12 Predicted stabilised parabolic oxidation rate kp for various generations of 
nickel-based superalloys at 900ºC, determined using alumina rate-controlling model, 
plotted on the x-axis, against the Gibbs free energy of formation of chromia in y-axis. 
The bottom (left hand) red region is the region in which Al2O3 formation is rate-
controlling. 
Fig.6.13 Schematic interpretation of Fig.6.12. Note that first, second, third and fourth 
generation alloys lie towards the bottom right, middle-left, top-left and top-middle, 
respectively.
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A final point concerns the top left hand corner of Fig.12, where third and fourth 
generation alloys such as TMS-75 and CMSX-10 lie. Here, the Gibbs free energy of 
formation of Cr2O3 is considered to be a significant influencing factor for the following 
reason.  Fig.6.12 indicates that TMS-75 and CMSX-10 are less than kp* (x-axis), but with 
low |"Gf| of chromia (y-axis).  These alloys were reported to form an extensive NiO scale 
readily [3, 109]; this implies that it is necessary to have high |"Gf| of Cr2O3 to form a 
continuous alumina layer.  This may be because of the rapid formation of a chromia + 
alumina continuous layer.  This concept is supported not only by Ref. [14] but also by a 
recent STEM-EDX observation of a continuous chromia + alumina layer formed after the 
exposure at 950ºC for 0.1 hour [142]. 
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6.5.4 Critique of  Oxidation Performance for Alloy Design 
Purposes
The modelling methods proposed can be used to predict the sensitivity of oxidation 
kinetics to superalloy composition; moreover they are useful for the purposes of alloy 
design. A typical procedure might be as follows. Starting with a baseline superalloy 
composition of interest, calculations for kp based upon the Al2O3 rate-controlling model 
and also for "Gf for chromia formation can be made by systematically altering the chemical 
composition by 1 at.%, for each of the alloying elements present.  The calculated result can 
be shown on the new oxidation diagram, with vectors identifying the changes in position of 
the alloy on the diagram, as was done in Fig.6.10. Consistent with the emphasis of this 
paper, the high-Cr containing first generation nickel-based superalloy SCA425+ is chosen 
to illustrate concepts, see Fig.6.14a. It can be seen from Fig.6.14a that the removal W is 
predicted to be the most efficient way for SCA425+ to move towards the domain of Al2O3 
rate-controlling kinetics.  This further rationalises the experimental observations of section 
6.4.
Fig.6.14 The effect of altering alloying element concentrations on the oxidation 
diagram at 900ºC for (a) SCA425+ and (b) PWA-1484. The black solid line is calculated 
by increasing the composition of base alloy by 1 at.% for each of its alloying elements, 
and the red solid line by decreasing the composition by 1 at.%. The horizontal and 
vertical lines correspond to the critical values plotted on Fig.6.12.
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An analysis can also be made of the evolutionary trends that have occurred in superalloy 
compositions in recent years. For example, it is well known that there has been a trend to 
reduce the Cr contents of single crystal superalloys, e.g. from the 2nd to 3rd generation 
superalloys [3]; what are the implications of this? Consider the second generation 
superalloy PWA-1484 which contains 5 wt.% Cr, see Fig.6.14b. Further addition of 1at.% 
Re to PWA-1484 (i.e. an alloy then containing 5.9 wt.% rather than 3.0wt.%Re) is 
insufficient to take the alloy away from the alumina rate-controlling region. Thus Re in 
these quantities is not predicted to be detrimental.  On the other hand, it can be seen from 
Fig.6.14b that a reduction of 1at.% Cr causes a very substantial shift upwards along the y- 
axis.  Thus, our analysis indicates that it is the reduction in Cr which is the cause of the 
inferior oxidation resistance found for 3rd generation superalloys [3, 109] rather than the 
enhanced alloying with Re. It is also clear from comparing Fig.6.14a with 6.14b that any 
reduction of Cr is rather less effective in a high-Cr superalloy such as the SCA425+ alloy 
considered here. 
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6.6 Summary and Conclusions
The following conclusions can be withdrawn from this work:
(1) The weight gain accumulated by SCA425+ at 900ºC is influenced by substitution of W 
by Re.  The stabilised parabolic oxidation rate decreased from 4.87!10-13 to 8.31!10-14 
g2 cm-4 sec-1 at this temperature.
(2) This observation is at odds with the common belief that Re-alloying is detrimental to 
oxidation; it is however consistent with the oxidation diagram concept which has 
recently been proposed.  
(3) The model is further extended into the Cr2O3 rate-controlling criteria, and the 
stabilised parabolic oxidation rate in the literature could be rationalised with this 
extended model.     
(4) The oxidation behaviours of various generations of nickel-based superalloys have been 
analysed. The beneficial effect of W to Re substitution is shown to be one major 
contributory factor in the superior oxidation resistance of the commercially-available 
second generation superalloys.  
(5) Our analysis confirms that it is the lack of Cr which is the main causes of the poor 
oxidation performance of  the 3rd generation superalloys.
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Chapter 7. 
Summary, 
Conclusions and 
Future Work 
7.1 Summary of  Conclusions
In chapter 1, the literature concerning the high temperature oxidation and deformation of 
nickel-based single crystal superalloys was reviewed.  In order to estimate the extent of 
high temperature oxidation, the chemical kinetics were rationalised using thermodynamics 
& kinetic theory based upon Wagner’s theory of parabolic oxidation.  Additionally, 
consistent with the Wagner-Haffe theory, the effect of the foreign cations on the mother 
oxide growth was considered.  The chemical kinetics of oxide growth may be influenced by 
(i) the Gibbs free energy of formation and (ii) the presence of impurities (foreign cations); 
this idea was further expanded upon in chapter 3.  Secondly, the effect of transformation 
of oxide on chemical kinetics was reviewed.  The transformation of Al2O3 from the 
metastable states (", ') to the stable state (&) occurs during the early stage of oxidation, and 
can decelerate its chemical kinetics by more than an order of magnitude.  This effect of 
transformation of the oxide was further investigated in chapter 4.  Finally, the high 
temperature deformation of nickel-based superalloys was classified with emphasis on the 
microstructure factors influencing the behaviour.  In the temperature range between 
0.5-0.9TM, creep deformation can occur.  The creep strain rate can be modelled according 
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to a hyperbolic function of gamma prime particles interspacing, in the absence of particle 
shearing.  Between 0.3-0.5TM, creep becomes unimportant; instead, fatigue deformation 
should be considered.  Since fatigue deformation initiates from the formation of persistent 
slip bands together with the particle shearing within each band, it was also concluded from 
the shearing theory that the shearing resistance is proportional to the square root of the 
gamma prime particle size.  These ideas were tested in chapter 5.
In chapter 2, methods for designing, producing and optimizing the candidate were 
described.  A high Cr-containing nickel-based superalloy SCA425+ was designed based 
upon the IN738LC-based SCA425 alloy, with better predicted properties particularly in 
oxidation.  The oxidation resistance of SCA425+ with and without Si was evaluated in 
chapter 3 and 4.  The mechanical properties of SCA425+ were investigated in chapter 5. 
Three different microstructures were prepared for SCA425+, so that the microstructural 
factors influencing both creep and thermomechanical fatigue would be understood. 
Finally, consistent with the result in chapter 3, a further derivative of SCA425+ containing 
2 wt.% Re was prepared and its oxidation performance was evaluated in chapter 6. 
                      
In chapter 3, the oxidation resistance of SCA425+ with and without Si was studied.  All 
alloys were found to be marginal Al2O3-formers, with the performance being better at 
1000ºC rather than 900ºC and when Si was added.   To explain the results, the two factors 
known to influence the rate of Al2O3 scale formation were considered: (i) the Gibbs free 
energy of formation of Al2O3, and (ii) the impurities factor (denoted as Valteff).  A model 
was developed to predict whether or not any given alloy composition will form a 
continuous Al2O3 scale.  This was used to rationalise the dependence of Al2O3 scale 
formation on alloy composition in these systems.  The model predicted that the additions 
of Al, Si, Cr were predicted to be beneficial with regard to Al2O3 formation; on the other 
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hand, the additions of W, Ta, Nb, Ru, Ti and Mo were detrimental.  In order to improve 
the oxidation resistance of nickel-based superalloys, other suggestions arising from these 
quantitative calculations include (i) replacement of W and/or Mo with Re, and (ii) 
substitution of Ni by Co.  Note however that Co additions were reported to deteriorate 
Al2O3/metal bonding toughness [114]; thus this was not recommended.  However, the 
replacement of W with Re was further tested in chapter 6.  Note that the predicted 
influence of Si was only slight, and this calculation/experiment gap was likely to imply the 
additional beneficial effects of Si on the nucleation of Al2O3 formation, and this was 
investigated furthermore in chapter 4. 
In chapter 4, the oxidation behaviour of SCA425+ at 950ºC was further studied, with and 
without silicon alloying.  It was demonstrated that the alloy is a marginal alumina former, 
with further alloying by Si promoting the formation of a continuous, protective alumina 
scale.  The addition of Si decreased the transformation time to reach kp values 
representative of %-Al2O3 by an order of magnitude, and the reason for this was 
considered to be as follows.  First, the formation of alumina was already observed in the 
alloy containing 0.25 wt.% Si alloy after 0.1 hour exposure at 950ºC, before the kp reaches a 
level representative of %-Al2O3.  Here, XRD could not detect the presence of the stable %-
Al2O3 peaks.  This, together with our TEM observations, suggested that metastable 
alumina was forming in the early stages of oxidation.  On the other hand, %-Al2O3 peaks 
were detected after 3 hours exposure at 950ºC; moreover, the presence of silicon clusters 
within the alumina was observed using atom probe tomography.   Therefore, Si might play 
in role in altering the oxidation rate via an effect on the rate of transformation of 
metastable alumina to its stable %-Al2O3 form.  Note that the additions of SiO2 to %-Al2O3 
have in fact been suggested to decrease the metastable -> stable Al2O3 transformation 
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temperature, by increasing the heterogeneous nucleation sites for its transformation [125]; 
however further microstructural confirmation will be required for this.  The amount of 
silicon doping was found to be optimal at around 0.25wt.%.    
In chapter 5, the mechanical behaviour of SCA425+ was studied under creep and out-of-
phase thermomechanical fatigue (OP-TMF) conditions.  Neutron diffraction methods and 
thermodynamic modelling were used to quantify the variation of the gamma prime (!’) 
strengthening phase around the !’ solvus temperature.  These aided the design of primary 
ageing heat treatments to develop either uniform or bimodal microstructures of the !’ 
phase.  Note that three different microstructures were prepared for each form of testing. 
Firstly, under creep conditions in the temperature range 750ºC-850ºC with stresses between 
235-520MPa, the dislocation activity was mostly restricted to the matrix phase, and the 
creep performance was best with a finer and uniform !’  microstructure (i.e. shortest 
particle interspacing).  The creep rupture performance approaches that of IN792 which 
was one of the goals of the SCA425+ alloy development project.  Secondly, 
thermomechanical fatigue caused localised shear banding with the !’ phase penetrated by 
dislocations; moreover, the out-of-phase TMF performance improved when the !’ 
precipitate size was larger.  Also, it was found that the creep relaxation damage was small. 
Thus the micro-mechanical degradation mechanisms occurring during creep and TMF 
were distinct.   
In chapter 6, the oxidation behaviour of a prototype nickel-based single crystal superalloy 
containing ~15 wt.% Cr was studied at 900ºC, with and without W -> Re replacement.  It 
was demonstrated that the alloy is a marginal alumina former, with further substitution of 
W with Re promoting the formation of a more protective alumina scale.  Theoretical 
Chapter 7. Summary, Conclusions and Future Work
155
considerations – including the recently developed oxidation diagram concept – were used 
to rationalise the results. The analysis methods were extended to consider the oxidation 
performance of commercially-available nickel-based superalloys as a function of their alloy 
chemistry. It was demonstrated that broad composition/performance relationships could 
be identified.   
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7.2 Future Work
Based upon the research work presented here, the following suggestions are made.  First, 
the beneficial effect of silicon during the early stage of oxidation is not well understood as 
yet.  Si might play a role in becoming a heterogeneous nucleation sites for &-Al2O3.  Or 
alternatively, Si may play a role in hindering the inward growth of %-Al2O3 during the 
process of internal oxidation.  Further TEM work for the silicon containing alloy is 
necessary to identify the crystal structure of Al2O3 in the early stage of oxidation. 
Furthermore, O16/O18 isotope oxidation testing with and without Si alloying is required to 
understand whether or not silicon at the grain boundaries influences the diffusion of 
oxygen.  
Secondly, it was found from chapter 5 that TMF resistance can be explained by the particle 
shearing resistance.  This implies that higher volume fraction of gamma prime particles 
may also be beneficial for TMF resistance.  To test this hypothesis, nickel-based superalloys 
with high volume fraction of gamma prime, together with larger gamma prime particles 
distribution, should be evaluated by TMF testing.  
Finally, it  was found at the end of chapter 6 that the Gibbs free energy of formation of 
Cr2O3 is likely to be the factor controlling Al2O3 layer formation.  Since this work was 
carried out based upon alloys for IGTs applications, the critical #Gf remains unclear, and 
further oxidation analysis on low-Cr containing nickel-based superalloys is required. 
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A.1 Glossary of  Common Terms 
Except where defined otherwise, the following abbreviations, acronyms or symbols can be 
taken to mean: 
! ...........................  !-Ni phase
! ...........................’  !’-Ni3Al phase
"Gf ...........................  Gibbs free energy of  formation
"G0 ........................................   standard free energy of  formation
T ...........................   absolute temperature
R ...........................   gas constant
aM ...........................  activity of  element M in the multi-component system
P
O2
...........................  Partial pressure of  oxygen
!x ...........................  thickness of  oxide
P
O2
outs ...........................  partial pressure of  oxygen at outer surface of  oxide 
P
O2
ins ...........................  partial pressure of  oxygen at inter surface of  oxide 
!
t
...........................  conductivity of  the MxOy oxide 
tc ...........................,   transport number of  cation (0 < t < 1)
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ta ...........................   transport number of  anion (0 < t < 1)
tel ...........................   transport number of  electrons (0 < t < 1)
zc ...........................   metal ion's valence 
za ...........................   oxygen ion's valence 
e ...........................  elementary charge 
# ...........................  chemical potential
k ........................................t   parabolic oxidation rate (theoretical)
k ........................................p   parabolic oxidation rate (derived from thermogravimetric data)
T ........................................M  Melting temperature
b ...........................   Burgers vector 
! ...........................  dislocation density 
v ...........................   average velocity of  dislocation motion (i.e. glide rate) within matrix
t ...........................   time
d ...........................   diameter of  !’ phase 
Deff ...........................   effective diffusion coefficient
!APB ...........................   anti-phase boundary (APB) energy
r ...........................   radius of  precipitate
 f ...........................   volume fraction of  precipitate
& ........................................CRSS   critical resolved shear stress 
.......................$   strain 
( ...........................  stress
% ...........................   thermal expansion coefficient
ce ...........................   fatigue strength coefficient 
cp ...........................   fatigue ductility coefficient
!
" #" ...........................  !/!’ interfacial energy per unit area
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N% ...........................   total mole fraction of  solute in ! phase
Vm ...........................   molar volume of  the !’ phase
# ...........................   an empirically determined constant 
!H
m
...........................  enthalpy of  solution of  1 mole of  !’ in the ! in equilibrium
...........................E  Young’s modulus
...........................L  Liquid
c
o
...........................   concentration of  oxygen in the oxide 
D
o
...........................   diffusion coefficient of  oxygen 
k ...........................   Boltzmann constant
Valteff ...........................  effective valence 
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